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Increased knowledge about sex differences is important for development 
of individualized treatments against many diseases as well as understanding 
behavioral and pathological differences. This review summarizes sex 
chromosome effects on gene expression, epigenetics, and hormones in relation 
to the brain. We explore neuroanatomy, neurochemistry, cognition, and brain 
pathology aiming to explain the current state of the art. While some domains 
exhibit strong differences, others reveal subtle differences whose overall 
significance warrants clarification. We hope that the current review increases 
awareness and serves as a basis for the planning of future studies that consider 
both sexes equally regarding similarities and differences.
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Introduction

The study of sex differences is one of the most challenging and debated topics in 
neuroscience. The importance of research on sex differences in brain and behavior has often 
been underestimated over the past decades, but in recent years our knowledge about the 
influence of sex on brain structure, function and chemistry has grown tremendously. We have 
witnessed an increasing number of findings about sex differences and their importance for the 
risk and course of human diseases (Heidari et al., 2017; Clayton, 2018). Advances in analytic 
techniques, and a wider access to their use, have granted the opportunity to study the brain in 
more detail and to evaluate more precisely differences between men and women. However, 
despite decades of research, sex differences in brain function are only partly understood.

New methodological approaches, from gene modification in mice to voxel-based 
morphometry analyses of human imaging data, have revealed previously undetected sex 
differences (Shah et al., 2004; Bielsky et al., 2005). Sex differences exist also in a wide variety 
of behavioral traits and in the incidence and prevalence of many diseases. The probabilities of 
developing certain mental disorders differ substantially between men and women and many 
of the diagnoses show sex-related differences which comprise differences in the age of onset, 
diagnostic criteria, clinical presentation, disease progression, severity and treatment efficacy 
(Klein and Corwin, 2002; Shors, 2002; Bale and Epperson, 2015). For these reasons, the 
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neurobiological study of sex differences is of critical importance to 
understand sex-specific pathways and mechanisms underlying 
sex-specific differences in the type and prevalence of mental disorders. 
Furthermore, many drugs on the market have been developed using 
a one-size-fits-all approach, in earlier times often based on trials 
including only males within certain age ranges, which has resulted in 
an increased adverse event risk and reduced therapy efficacy in 
females, pointing to the necessity to better understand biologically 
caused differences between sexes (Tharpe, 2011; Yu et al., 2016). In 
recent years, the number of studies investigating sex differences in 
general has increased. However, more studies are needed to be able to 
individually adjust medical treatment options nowadays available. The 
aim of this narrative review is to shed light on important sex 
differences in the human brain, discussing findings on the genetic, 
cognitive and behavioral level, and their influence on sex-dependent 
health, education, and lifestyle.

Sexual differentiation of the brain – 
genetics and hormones

Sex differences in brain structure are observed early in the life 
course (Knickmeyer et al., 2014). Developmental sex differentiation of 
the brain is suggested to be of multifactorial nature, including the 
influence of genes on sex chromosomes or sex hormones impacting the 
developing and adult brain. One of the main mechanisms leading to 
sexual differentiation is induced by the genetic sex (XX and XY) that 
triggers the differentiation of the gonads, which in turn secrete gonadal 
hormones that induce sex-specific functional differences of different 
tissues. However, this mechanism explains only in part sex-specific 
differences induced in early development. A more accurate model of 
sexual differentiation needs to include also inherent differences in the 
genome and the impact of the environment on sex-specific biology 
(McCarthy and Arnold, 2011; Lombardo et al., 2012).

Sex chromosomes as a main player in 
establishing sex differences

Sex chromosomes are thought to be  the primary source of 
variance in the brain between sexes (Arnold et al., 2003; Cisternas 
et  al., 2018). Much attention has been paid in identifying sex 
chromosomes as a major player in controlling molecular pathways 
responsible for the expression of sex differences (Dewing et al., 2003; 
Glickman et al., 2005; Scholz et al., 2006). Besides its influence on 
gonadal differentiation and steroid hormone production, chromosome 
complement appears to be a relevant variable that contributes to sex 
differences in brain and behavior (Arnold et  al., 2016). From a 
biological perspective, sex is defined through the size of gametes 
within a species. Animals with larger gametes (i.e., eggs) are female 
and those with smaller gametes (i.e., sperm) are male (Smith, 1978). 
In mammals, eggs are formed in ovaries and sperm in testes. Thus, the 
gonad type is often used as a shorthand for defining sex. Which gonad 
develops is determined by the chromosomal sex (XX or XY). If a Y 
chromosome is present, a gene cascade is initiated and causes gonads 
to become testes. In the absence of a Y chromosome, another cascade 
leads to the differentiation of ovaries (Brennan and Capel, 2004). An 
important gene is the gene SRY on the Y chromosome. Abundance 

and expression of this evolutionarily conserved gene drives sexual 
differentiation of the gonads (ovaries in females and testes in males) 
and the expression of sex steroid hormones. The testes produce the 
androgenic steroid hormone testosterone, which is responsible for 
masculinization of the external genitalia, internal duct systems, and 
other male specific somatic characteristics (Jost, 1978).

In the brain, SRY drives the production of catecholamines by 
dopaminergic neurons of the substantia nigra as shown in mouse 
models and in models using the NT2 human teratocarcinoma cell line. 
As only males carry the SRY gene, it is hypothesized that the gene may 
contribute to the higher susceptibility of males to dopamine disorders 
such as Parkinson disease and schizophrenia (Czech et al., 2012). The 
influence of sex chromosomes on somatic genes can partly 
be explained through differences in the dosage of X chromosome 
genes in males and females. Despite a 2:1 ratio of X chromosome 
genes in females and males, X chromosome genes are normally 
equally expressed in mammals through a compensatory system in 
gene expression (Nguyen and Disteche, 2006). The X chromosome 
bound gene Xist induces inactivation of one of the X chromosomes in 
females by producing non-coding RNA that initiates a cascade of 
heterochromatinizing, leading to a silent inactive X chromosome 
(Chang et al., 2006). Xist is rarely included on lists of genes that cause 
sexual differentiation, even though its role in causing mosaicism in 
females and not in males has been emphasized (Migeon, 2007). 
However, some of the X chromosome genes do escape from the 
described compensation system of inactivation leading to increased 
gene expression levels in females relative to males (Tukiainen et al., 
2017). Since there is accumulating evidence on X chromosome genes 
being involved in mental function and the control of sex differences 
during brain development (Skuse, 2005), the escape of inactivation 
can contribute to sex differences in brain function, cognition and 
pathology (Leitão et al., 2022). In male mammals, on the other hand, 
there are genes located on the non-recombining region of the Y 
chromosome (NRY) that do not exist in females. These genes could 
potentially influence the development of masculine neural patterns in 
the brain (Xu et al., 2002).

The role of gene expression, differential 
splicing, and epigenetic control in 
establishing sex differences

Several species show sex-dependent differences in the expression 
of genes in various tissues, including the brain (Isensee and Ruiz, 
2007; Santos et al., 2007; Reinius et al., 2008). Sex-biased expression 
has been observed across various developmental stages, such as 
prenatal, early childhood, puberty, and adulthood, with a substantial 
number of genes (>2,000 genes) exhibiting between-sex expression 
divergence at all developmental stages, with the highest number (4,164 
genes) observed during puberty (Shi et al., 2016). It has also been 
observed in the context of diseases, including depression, 
schizophrenia, and at least 17 types of cancer (Ma et al., 2016; Qin 
et  al., 2016; Labonté et  al., 2017), as well as under different 
environmental conditions, such as the response of hepatocytes to 
hepatotoxicants (Mennecozzi et al., 2015). Additionally, age influences 
gene expression differently in male and female brains, with males 
exhibiting more global gene changes. Gene ontology analysis reveals 
that the male brain is characterized by the down-regulation of genes 
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heavily enriched in energy production and protein synthesis/transport 
categories, while both sexes show increased immune activation, 
notably higher in females (Berchtold et al., 2008). According to more 
recent genome-wide expression studies, an extensive sex difference in 
gene expression levels was discovered in the rodent brain, which 
preceded the gonadal differentiation (Dewing et al., 2003), indicating 
that the differences in expression were independent of hormone action.

Differential splicing and epigenetic control are other proposed 
molecular mechanisms for regulating sex-biased expression 
differences. Alternative splicing allows the production of a variety of 
different proteins from one gene only. Interindividual differences in 
RNA splicing play an important role in the development of complex 
traits such as autoimmune diseases, including Crohn disease, type 1 
diabetes and rheumatoid arthritis (Gamazon and Stranger, 2014; 
Manning and Cooper, 2017). Sex differences in splicing have been 
reported in skeletal muscles (Lindholm et al., 2014), liver (Blekhman 
et  al., 2010) and human brain (Trabzuni et  al., 2013) and may 
contribute to sex-differentiated phenotypes. In the adult human brain, 
sex differences in gene expression and splicing were widespread, 
detectable in all major brain regions, and involving 2.5% of all 
expressed genes (Trabzuni et al., 2013).

Another important mechanism contributing to sex differences is 
the inherited epigenetic regulation of gene expression. Epigenetic 
control determines the expression of genes and is a mechanism by 
which the genome can respond to environmental stimuli. In other 
words, individuals (or cells) with the same genes may develop very 
different phenotypes based on environmental interventions at key 
stages of development (Jaenisch and Bird, 2003). Epigenetic 
modifications play an important role in the establishment and 
maintenance of sex differences in brain and body and include 
mechanisms such as DNA methylation (Tapp et al., 2013; Hall et al., 
2014), histone modifications, nucleosome repositioning, chromatin 
accessibility, mechanisms involving non-coding RNA, and RNA and 
DNA editing (Vigé et al., 2008). It has been shown that epigenetic 
marks are associated with the development of several mental disorders 
in a sexually differentiated manner, including Angelman syndrome, 
Prader-Willi syndrome, autism, and bipolar disorder (Davies 
et al., 2001).

Hormonal regulation of sex differences

Sex hormone expression and synthesis is one of the key drivers of 
sexual differentiation at the molecular and phenotypic level. Males 
have higher circulating levels of the main male hormone testosterone 
derived from the testis. Testosterone is also produced by the ovaries of 
females (Burger, 2002). The brain also has the capacity to locally 
generate the androgen dihydrotestosterone independently of the 
gonads, from yet unknown precursors (Okamoto et al., 2012). On the 
other hand, estrogens, predominantly found in women, are produced 
in a cyclic pattern from the female ovary but also in several 
extragonadal sites, including mesenchymal cells within adipose tissue 
including that of the breast, bone’s osteoblasts and chondrocytes, the 
vascular endothelium and aortic smooth muscle cells, and various 
locations within the brain (Simpson, 2003). Sex hormones are 
generally thought to shape the brain in three major ways. First, by 
organizational effects, such as defining brain structures during 

neurodevelopment (Wallen, 2005). Later, by altering intrinsic 
functions in the brain, such as modulating of hippocampal spines by 
the cyclic pattern of estradiol levels (Woolley, 1998). And lastly, by the 
interaction of these sexually determined traits with the social 
environment at different sensitive periods, while also considering 
neural and psychological mediators, and including the influence of 
gendered socialization (Berenbaum and Beltz, 2016).

Different mechanisms of sex hormone action in the brain have 
been proposed to influence neurogenesis, cell migration, 
synaptogenesis, axon guidance, cell death and cell differentiation 
(Flerkó, 1971; McEwen, 1972). Moreover, both estrogens and 
androgens have neuroprotective effects (Pike et al., 2008). Steroid 
hormones signaling is primarily achieved by binding to nuclear 
receptors, followed by dimerization and docking at hormone response 
elements on gene promoters to finally regulate gene transcription 
(Stanisić et  al., 2010; Grimm et  al., 2016). Estrogens exert their 
function by binding to the estrogen receptors alpha and beta. The 
receptors bind to specific DNA sequences located in the regulatory 
regions of estrogen-responsive genes (estrogen response elements 
(ERE)) resulting in the transcriptional modulation of the target genes 
(Bourdeau et al., 2004). Similarly, androgens, including testosterone, 
exert their effects by binding to androgen receptors. The receptors 
bind to different sets of androgen responsive elements (AREs) 
influencing the expression of target genes (Stanisić et al., 2010). As 
shown for mice and rats, treating new-born females with testosterone 
partially masculinizes the DNA methylation pattern present in 
adulthood (Schwarz et al., 2010; Ghahramani et al., 2014). In fact, 
steroid hormones alter the expression or activity of enzymes involved 
in epigenetic modifications, which may explain how sex hormones 
affect the epigenome. Specifically, research has found that gonadal 
steroids primarily reduce the activity of DNA methyltransferase 
(Dnmt) enzymes, leading to decreased DNA methylation and the 
release of masculinizing genes from epigenetic repression (Nugent 
et al., 2015).

Estrogen plays a critical role in the sexual differentiation of the 
brain (McEwen, 2001) and thus likely contributes to sex differences in 
brain morphology and neurochemistry. Progress to understand the 
steroid-mediated brain differentiation has been made by using 
genetically modified mice to elucidate cellular mechanisms and 
downstream effects, and to characterize the behavioral and neuronal 
effects of steroid hormones. For instance, loss of the estrogen receptor 
alpha (Esr1) greatly reduces sex behavior in male mice (Ogawa et al., 
1998). While loss of estrogen receptor beta (Esr2) alone has no effect 
on male reproduction-related behavior. However, dysfunction of both 
estrogen receptors results in complete loss of male sex behavior (Ogawa 
et al., 2000) as Esr2 is specifically involved in the suppression of female 
sex behavior (defeminization) in male mice (Kudwa et al., 2005).

While the brain was for many years not regarded as a target for 
estrogens and other hormones, except the hypothalamus, we now 
know that the entire brain is a target for gonadal hormones (McEwen, 
2007). Sex hormones act throughout the entire brain of both males 
and females (McEwen and Milner, 2017). There is a main impact of 
sex hormones on brain development and plasticity (Marino et al., 
2006). The trophic effects of ovarian hormones emerge early in brain 
development and remain throughout adolescence (Juraska et al., 2013) 
and adulthood (Wise et al., 2008). Many of these actions occur in 
brain regions involved in motivation (Sakaki and Mather, 2012), 
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cognition (Berman et al., 1997), learning (Hu et al., 2007) and memory 
(Liu et al., 2008), emotion (Amin et al., 2006), and motor control 
(Horstink et al., 2003). Estrogens and progesterones exert trophic 
effects on brain development throughout adolescence and adulthood 
and they act together to enhance neuronal function through 
mechanisms such as synapse formation and reduction, enhancing 
synaptic transmission and exerting neuroprotective effects (Singh and 
Su, 2013; Toffoletto et al., 2014; Rossetti et al., 2016). Progesterone 
receptors have also been identified in brain regions relevant for 
cognition, including the frontal cortex, hypothalamus, thalamus, 
hippocampus, amygdala, and cerebellum (Brinton et  al., 2008). 
Animal studies assessing the effects of progesterone administration to 
ovariectomized rats are not as established compared to studies with 
estradiol. However, results generally suggest that progestins and 
progesterones can have beneficial effects on spatial cognitive 
performance that may be dependent on the timing of administration 
and the type of progestin/progesterone (Toffoletto et al., 2014).

Animal studies have shown that hormonal changes in puberty 
exert profound effects on brain maturation and behavior (Sisk and 
Foster, 2004). The hormonal events of puberty trigger a second 
period of structural reorganization in the human brain (Spear, 
2000). Life stages characterized by changes in hormone levels, such 
as puberty, pregnancy, postpartum, and menopause, are critical 
periods known to exacerbate or trigger the new onset of certain 
pathologies, including asthma (Murphy and Gibson, 2008), 
obsessive-compulsive disorder (Guglielmi et  al., 2014) and 
depression (Schiller et  al., 2015). For example, the incidence of 
asthma peaks early in boys, before puberty, after which the 
incidence in women is double as high compared to men (Zein and 
Erzurum, 2015). Menopause, a stage of life marked by changes in 
female hormone levels, has been linked with changes in the 
expression of several immune and metabolism genes in adipose 
(Gomez-Santos et al., 2011) and bone (Kósa et al., 2009) tissues. 
Furthermore, hormone levels regulate components of innate and 
adaptive immunity (Klein and Flanagan, 2016) and thus are 
critically involved in some immune-mediated diseases, including 
Sjögren syndrome, systemic lupus erythematosus, thyroid diseases 
(such as Hashimoto thyroiditis and Graves disease), scleroderma, 
and myasthenia gravis, with significantly more women afflicted 
than men. Cardiovascular diseases, such as stroke, have been found 
to less likely occur in women before menopause. However, after 
menopause, the incidence of stroke in women surpasses that of men 
(Haast et al., 2012).

Based on what has been discussed, we can make some important 
conclusions about the concept of sexual differentiation of the brain. 
First, the sex chromosomes X and Y carry multiple genes that initiate 
sexual differentiation. Second, the signals that act directly on brain 
cells to cause sexual differentiation are not just triggered by gonadal 
hormones, but also by other factors, such as gene products encoded 
by genes and areas downstream the genes of the sex chromosomes. 
Third, different brain regions have different programs of response to 
the sex-specific signals, involving regional cell type–specific responses, 
cell-to-cell communication, effects mediated by membrane and 
nuclear hormone receptors, local steroid synthesis, and compensatory 
sex-specific effects that antagonize each other and reduce sex 
differences in phenotype. Changes in gonadal hormone levels over the 
lifespan and other dynamic changes are likely to enhance or suppress 
sex differences over time.

Genetics and hormones in non-binary 
gender identities

Recent advances in the field of gender identity development have 
shed light on the intricate interplay between genetics and hormones 
in non-binary groups. These insights may help elucidate some of the 
intriguing distinctions between cisgender individuals and those with 
non-binary identities concerning brain structure and cognitive 
abilities (Dotto, 2019). Total brain volume differences exist between 
cisgender men and women, and similar volumes have been observed 
in non-binary individuals aligned with their assigned gender at birth 
(Savic and Arver, 2011; Rametti et  al., 2011a; Hahn et  al., 2015; 
Hoekzema et al., 2015). Cortical thickness, another aspect of brain 
anatomy, displays variations between cisgender men and women, with 
non-binary individuals showing patterns reflective of their gender 
identity rather than biological sex (Luders et al., 2006a; Sowell et al., 
2007). Furthermore, studies on white matter microstructure and brain 
activation patterns during cognitive tasks have hinted at the influence 
of gender identity on brain function. While some investigations have 
demonstrated differences in brain activation between non-binary 
individuals and control groups during certain tasks, results have been 
mixed across studies (Rametti et al., 2011a,b; Rametti et al., 2012; 
Kranz et al., 2014).

Genetic factors have been explored in relation to gender identity 
development, with some evidence pointing to specific gene 
polymorphisms associated with non-binary identities. However, the 
interaction between genetic factors and environmental influences 
remains complex. In the literature, there have been reports of multiple 
non-binary individuals within a single family (Green, 2000), as well as 
a few cases involving twins (Hyde and Kenna, 1977; Garden and 
Rothery, 1992; Sadeghi and Fakhrai, 2000; Segal, 2006). To provide 
additional support for the hypothesis of genetic involvement in the 
development of gender incongruence, a review of twin case studies has 
unveiled a higher concordance for gender incongruence in 
monozygotic twins when compared to their dizygotic counterparts 
(Heylens et al., 2012). More recently, a study was conducted on a large 
sample of transwomen and control males to evaluate several candidate 
genes (Foreman et  al., 2019). The authors found a significant 
association between gender incongruence and estrogen receptor alpha 
(ERα), SRD5A2, and STS alleles, as well as ERα and SULT2A1 
genotypes. These genetic variants could be functional and influence 
estrogen signaling. Furthermore, inactivating mutations of the 
androgen receptor gene, or of the gene encoding for the enzyme 
responsible for testosterone modification (5α-reductase) have been 
identified as key factors influencing individuals’ gender phenotype. 
These mutations can lead to non-binary or female phenotypes even in 
individuals with an XY genotype and testosterone-producing testicles.

On the hormone side, prenatal hormone exposure has emerged as 
a potential contributor to gender identity development. Studies have 
examined the impact of prenatal androgen exposure on the general 
population using indirect measures like otoacoustic emissions 
(OAEs), which is the weak sound produced by the auditory 
transduction apparatus of the inner ear. OAEs differ between males 
and females, with males exhibiting weaker OAEs than females, a 
distinction that persists throughout life (McFadden and Pasanen, 
1998). Transwomen show more female-typical OAE patterns, 
supporting the theory that they experienced lower androgen exposure 
during early development compared to control boys (Burke et al., 
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2014). Additionally, prenatal exposure to anticonvulsants, which may 
interfere with sex hormone metabolism, was associated with the 
development of gender incongruence (Dessens et  al., 1999). 
Furthermore, in non-binary individuals, the administration of gender-
affirming hormonal treatments has been associated with changes in 
brain volume and ventricle dimensions (Pol et al., 2006), as well as 
cortical thickness and subcortical volumes (Zubiaurre-Elorza et al., 
2014), revealing the plasticity of the brain in response to 
hormonal fluctuations.

In conclusion, recent advances reveal a complex interplay between 
genetics and hormones in non-binary groups, impacting brain 
structure and cognitive abilities. Genetic factors, such as specific gene 
polymorphisms and inactivation mutations, suggest a role in gender 
identity development. On the other hand, hormone exposure also 
seems to influence this process. A better understanding of these 
connections will deepen our comprehension of gender identity 
development’s multifaceted nature.

Brain macroanatomy and global 
differences

Sex differences in the brain are found both at the macro and micro 
level in the brain (Table  1). The most consistent macroscopic 
observation is that men have an on average larger total brain volume 
than women. The male brain is about 11% larger than the female 

brain, which is explained in part by larger body dimensions in men 
(Paus, 2010). In another study, the brain was approximated to 
be 8–15% larger in males compared to females (Ruigrok et al., 2014).

According to a recent study in over 5,000 participants from 
United  Kingdom Biobank (UKB), males have higher brain raw 
volumes and raw surface areas, whereas females have thicker cortices 
(Ritchie et al., 2018). A meta-analysis of sex differences in human 
brain structure found sustained differences in overall brain volumes 
between males and females (Ruigrok et al., 2014). The results showed 
that on average males had larger intracranial volume, total brain 
volume, cerebrum, gray matter, white matter, cerebrospinal fluid 
(CSF), and cerebellum absolute volumes than females. It has also been 
reported by earlier studies that several major brain subdivisions, 
including the hemispheres, frontal and temporal lobes, left parietal 
lobe, insula and cerebellum show differences between sexes and are 
significantly larger in men compared with women. However, the 
proportional sizes of individual regions in relation to total hemisphere 
volume seem to be similar (Allen et al., 2002). Other studies have also 
indicated that while men have greater brain volume (Gur et al., 1999), 
greater CSF volume or lateral ventricles (Giedd et al., 1997; Gur et al., 
1999), and greater sulcal volume (Gur et al., 1999) compared with 
women, ventricular volumes (Erdogan et al., 2004) and intracranial 
areas corrected for differences in cranial size do not vary between 
sexes (Agartz et al., 1992).

Given that men usually have larger brains than women, some 
possible compensatory mechanisms in smaller female brains have 

TABLE 1 A summary table of brain structures where sex differences have been reported.

Brain structure Sex difference Study

Macroanatomy

Overall brain volume The male brain is about 8–15% larger than the female brain. Green (2000) and Kranz et al. (2014)

Brain raw volumes and raw surface 

areas

Females have thicker cortices. Garden and Rothery (1992)

Corpus callosum Males have larger average size. Pol et al. (2006)

Connectivity Females show stronger connectivity default mode network (DMN).

Males show stronger connectivity in unimodal sensorimotor cortices as well 

as high-level cortical areas in the rostral lateral prefrontal cortex.

Garden and Rothery (1992)

Gray and white matter Regional cortical gray matter volumes have a peak size occurring one to 

three years earlier in females.

There are sex differences in white matter microstructure, with females 

showing lower directionality and higher tract complexity of white matter.

Bishop and Wahlsten (1997), Giedd et al. (1997), 

and Sullivan et al. (2021)

Microanatomy

Limbic system Males show higher densities in the left side of the limbic system, while 

females show higher densities in the right side of the limbic system.

Green (2000)

Cingulate gyrus Males show higher densities in left posterior cingulate gyrus, while females 

show higher densities in anterior cingulate gyrus.

Green (2000)

Insula Males have larger insula until about 12 years of age, after which the effect 

reverses.

Ingalhalikar et al. (2014)

Planum temporale and Sylvian fissure Larger and longer in males compared to females. Ficek et al. (2021)

Superior temporal cortex and Broca’s 

area

Larger in females. Ficek et al. (2021)

Amygdala and hypothalamus Larger in males. Allen et al. (1991)

Caudate and hippocampus Larger in females. Amft et al. (2015)

All studies were conducted on human subjects.

https://doi.org/10.3389/fnins.2024.1340108
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Lafta et al. 10.3389/fnins.2024.1340108

Frontiers in Neuroscience 06 frontiersin.org

been suggested that might have occurred during human evolution 
(Luders et al., 2004). Those compensatory mechanisms can be related 
to three main features: cortical thickness (Clayton, 2018), cortical 
convolution (Heidari et al., 2017) and cortical surface area (Bielsky 
et al., 2005). Studies have revealed significantly thicker cortices in 
women than men (Im et al., 2006) with temporal regions being least 
different in thickness. This was even confirmed by a third recently 
published study (Ritchie et al., 2018). According to this later study, 
females have a thicker cortex across almost the entire brain. The only 
area where males showed a statistically significantly thicker cortex was 
the right (but not left) insula. Studies of cortical convolution have 
observed a greater cortical complexity in female brains in the frontal 
and parietal lobes (Luders et al., 2004). The observations of previous 
outcomes of greater cortical complexity in frontal and parietal regions 
in female brains have been confirmed by another study that in 
addition has detected more pronounced female convolutions in 
temporal and occipital cortices as well. Finally, sex differences with 
respect to the cortical surface area have also been reported in the same 
study, but the results are inconsistent. The surface areas of the cortices 
were larger in females compared to males (Luders et  al., 2006b). 
However, a recent study produced results contradicting these previous 
findings, reporting sex differences in surface area favoring males 
(Ritchie et al., 2018).

Since adult males have a larger average brain size, they also have 
larger average size of the entire corpus callosum (CC) (Bishop and 
Wahlsten, 1997). The CC is a brain structure, which has frequently 
been studied in the context of questions related to aging, addiction, 
intelligence, hemispheric asymmetry, and sex differences (Sullivan 
et al., 2021). The size of the CC correlates with the brain size in both 
sexes (Jäncke et al., 2015). Although sex differences in multitasking do 
not seem to be clear (Lui et al., 2021), it is often claimed that women 
have an advantage in multitasking compared to men which was 
recently supported by an article using diffusion tensor imaging (DTI) 
and graph theoretical analyses (Ingalhalikar et al., 2014). The authors 
identified better and more efficient interhemispheric wiring via the 
CC in females, while males had greater within-hemispheric 
connectivity. Earlier studies have claimed that women have larger CCs 
than expected for their brain size (Allen et al., 1991; Davatzikos and 
Resnick, 1998), which could indicate that women may have an 
overproportionally strong interhemispheric connectivity, which 
would explain the female superiority in multitasking. Studies have 
further shown sex differences in connectivity in several regions in 
male brains, including the CC, the anterior cingulate cortex, the 
insula, the orbitofrontal cortex and the periaqueductal gray (Sacher 
et al., 2013).

Resting-state functional magnetic resonance imaging (fMRI) 
analyses have revealed increased connectivity in females in posterior 
regions but decreased connectivity in anterior regions of the default 
mode network (DMN), which is a set of widely distributed brain 
regions in the parietal, temporal, and frontal cortex. The DMN is often 
active when an individual is at rest and shows reductions in activity 
during attention-demanding tasks (Ficek et al., 2021). On the other 
hand, males show stronger connectivity in unimodal sensorimotor 
cortices as well as high-level cortical areas in the rostral lateral 
prefrontal cortex (Ritchie et al., 2018). The higher female connectivity 
within circuits like the DMN may be particularly important, given that 
DMN regions are often considered as an important part of the “social 
brain” (Kennedy and Adolphs, 2012; Amft et al., 2015), which may 

explain higher average female ability in domains like social cognition 
(Gur et al., 2012). It was further reported that men exhibit stronger 
connectivity in the right hemisphere, while women show enhanced 
connectivity in the left hemisphere (Sacher et al., 2013). However, 
analyses have failed to detect any significant sex effects with respect to 
hemispheric differences (Watkins et al., 2001).

Gray and white matter vary by sex in both volume and 
developmental trajectories. It has been reported that the frontal and 
parietal lobes attain peak gray matter volume at around age 11 in girls 
and at the age of 12 in boys (Blakemore, 2012). This was confirmed by 
longitudinal studies indicating that regional cortical gray matter 
volumes have a peak size occurring one to three years earlier in 
females (Giedd et al., 2012). Earlier studies indicated that women have 
a higher percentage of gray matter, whereas men have a higher 
percentage of white matter and CSF (Gur et  al., 1999). However, 
compared to women, men have consistently higher gray/white matter 
ratio in frontal, temporal, parietal, and occipital lobes, and even in 
cingulate gyrus and insula (Allen et al., 2003; Haier et al., 2005). It was 
also shown for the first time that while gray matter volume and 
cortical thickness generally decrease with age, gray matter density 
increases (Gennatas et  al., 2017). Regarding white matter 
microstructure, a recently published study based on data from UKB 
participants focused on two white matter microstructural properties 
that had previously been shown to be different between males and 
females (Ritchie et al., 2018). The first is fractional anisotropy, an 
index of the directionality of water diffusion through the white matter, 
while the second is orientation dispersion, a neurite orientation 
dispersion and density imaging measure of white matter tract 
complexity. According to the study, females showed lower 
directionality and higher tract complexity compared to men. Sex 
differences in white matter microstructure were also revealed in the 
CC and the cingulate cortex, suggesting differences in myelination 
between male and female (Sacher et al., 2013).

Brain microanatomy and regional 
differences

Although, regional differences in brain volume and structure are 
less consistent, they do exist and have been reported in many areas 
(Table 1). Sex dependent differences are seen both on the cortical and 
subcortical level of the brain. Size differences in smaller brain 
structures (Goldstein et al., 2001) are important for normal behaviors 
and diseases and may reflect the disease pattern in men and women.

Regional cortex

Regional volume and density analyses have been mainly 
performed for areas that are part of the limbic and language systems 
and indicate a potential lateral asymmetry in sex differences (Ruigrok 
et al., 2014). Volume increases in males are mostly in bilateral limbic 
areas and left posterior cingulate gyrus, whereas higher densities are 
mostly limited to the left side of the limbic system. On the other hand, 
larger volumes in females are strongly pronounced in areas of the right 
hemisphere related to language and in several limbic structures such 
as the right insular cortex and anterior cingulate gyrus (Ruigrok et al., 
2014). Subregional analyses were conducted in a recent meta-analysis 
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(Ruigrok et al., 2014), which found greater volume for females in areas 
such as the thalamus, the anterior cingulate gyrus, and the lateral 
occipital cortex. In contrast, a recent study characterized by a more 
detailed analysis found no sex-specific differences in brain subregions 
(Ritchie et  al., 2018). The same study showed that sex specific 
differences with higher volume in males appeared to be  largest in 
brain regions linked to emotion and decision-making, such as the 
bilateral orbitofrontal cortex, the bilateral insula, and the left isthmus 
of the cingulate gyrus (Craig, 2009; Tang et al., 2010). Sex specific 
differences were highest in the insula which is consistent with findings 
in a recent large-scale study performed in children and adolescents 
(Gennatas et al., 2017). The insula and the right fusiform gyrus retain 
their substantial sex difference into later life. Furthermore, the planum 
temporale and Sylvian fissure have been found to be larger and longer 
in males compared to females. In contrast, the volumes of the superior 
temporal cortex and Broca’s area were significantly larger in females 
(Harasty et al., 1997).

Subcortical regions

Some of the structures commonly reported to differ between sexes 
include the caudate nucleus, hippocampus, amygdala, and 
hypothalamus. Men tend to have a larger amygdala and hypothalamus 
(Goldstein et  al., 2001), while women have a larger caudate and 
hippocampus (Filipek et al., 1994). Sex differences emerge mainly 
across puberty leading to an increase of the hippocampal volume in 
females only, and to increases in amygdala volume during puberty in 
males only (Neufang et al., 2009). This suggests that sex hormones 
play a prominent role for the structural differentiation in the brain. 
The hippocampus, which is strongly associated with learning and 
memory, is evidently sexually diffentiated in its structure and function. 
Differences exist in a variety of ways, such as size, anatomical 
structure, neurochemical make-up and reactivity to stressful situations 
(Goldstein et al., 2001). The amygdala is another brain region that 
differs between sexes. Previous studies described a sex-related 
functional lateralization in the amygdala (Domes et al., 2010). The 
medial nucleus of the amygdala is since a long time known to 
be sexually differentiated (Cooke and Woolley, 2005). Other studies 
have provided evidence for a sex differences in almost all of the 
amygdaloid nuclei (Ziabreva et  al., 2003). While a meta-analysis 
(Marwha et al., 2017) did not detect strong sex dependent differences 
in the amygdala after correction for total brain volume, another more 
recent study showed that the amygdala was significantly, but modestly, 
larger in males even after adjusting for total brain volume (Ritchie 
et  al., 2018). Overall, results regarding the sexually differentiated 
nature of the human amygdala and hippocampus are still conflicting 
(Tan et al., 2016; Marwha et al., 2017).

Sex differences on the cellular level

A rapidly growing body of evidence has revealed sex differences 
in many fundamental cellular processes, and demonstrated that these 
differences play a role in shaping the ultimate size and structure of 
tissues, as well as in determining the dimensions, anatomical 
characteristics, and cellular composition of organs. Within vertebrates, 
including humans, sex differences have been observed in various 

organs such as the brain, heart, fat, pancreas, kidney, and lungs (Mank 
and Rideout, 2021). While the mechanisms behind these differences 
remain incompletely understood, distinct phenotypic variances 
between males and females have been noted. For instance, the higher 
number of pancreatic β-cells in women is associated with greater 
glucose-stimulated insulin secretion compared to men (Basu et al., 
2006; Horie et al., 2018). Exploration of the cellular level also unveils 
sex differences in extracellular matrix (ECM) production and 
remodeling, particularly involving matrix metalloproteinases (MMPs) 
and their tissue inhibitors (TIMPs). In valvular interstitial cells (VICs), 
females generally exhibit higher MMP expression and production 
compared to males, while male VICs demonstrate elevated collagenase 
and gelatinase activity (Simon et al., 2023). In neonatal rats, there is a 
higher proliferation in the CA1 and CA3 regions of the hippocampus 
in males, potentially contributing to a male-biased increase in neuron 
number. A sex-specific proliferation occurs in the CNS across many 
species, from rom flies and worms to fish (Taylor and Truman, 1992; 
DeWulf and Bottjer, 2002; Ampatzis and Dermon, 2007). In mouse 
brains, sex differences are found in number, distribution, or 
projections of progesterone receptor (PR)-expressing neurons. 
Ablation of PR-expressing neurons in the ventromedial hypothalamus 
diminishes sexual receptivity in female mice and reduces mating and 
aggression in male mice (Yang et al., 2013). Finally, sex-biased gene 
expression has been found across 45 common tissues. Male-biased 
genes were more frequent in skin, skeletal muscle, and cingulate 
cortex tissues, while female-biased genes dominated the liver, heart, 
skin, and skeletal muscle. While sex chromosomes held a higher 
proportion of such genes, 90 percent were mapped to autosomes 
globally. Male-biased genes exceeded female-biased genes in number 
and distribution across tissues. The female-biased genes were 
associated with obesity, muscular diseases, and cardiomyopathy (Guo 
et al., 2016; Kassam et al., 2019). In this complex landscape of cellular-
scale sex differences, extensive investigation is needed to fully 
comprehend their implications across development, physiology, 
and behavior.

Brain metabolism

Several studies suggest significant differences between males and 
females in functional aspects of brain metabolism and cerebral blood 
flow. Some early studies reported that women consistently have higher 
global cerebral blood flow compared with men during rest (Devous 
et al., 1986; Erdogan et al., 2004) and cognitive activity (Jones et al., 
1998; Slosman et al., 2001). The results were confirmed in later studies 
which showed that females have increased resting state global cerebral 
blood flow (Gur and Gur, 1990; Ragland et al., 2000). Regionally, it has 
been noted that males have a more strongly lateralized cerebral blood 
flow in frontal regions, in the right hemisphere (Rodriguez et al., 
1988), while females have a higher regional cerebral blood flow than 
males in mid-temporal regions (Ragland et al., 2000). These findings 
may be important for the distribution of psychotropic drugs in the 
brain. The differences in blood flow may explain why some drugs used 
in neuropsychiatry are more effective in women as compared to men 
(Staley et al., 2006). The cerebral metabolic rate of glucose utilization 
(CMRglu) tends to be higher in women than in men (Baxter et al., 
1987), particularly in the orbital frontal area (Andreason et al., 1994). 
Interestingly, regional CMRglu varies significantly during the 
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menstrual cycle, suggesting hormonal influences on brain glucose 
metabolism (Reiman et  al., 1996). However, males demonstrate a 
higher cerebral glucose metabolism in other regions, e.g., in the 
cerebellum, basal ganglia, and brainstem. Sex differences in 
metabolism may be  confuted by the inverse correlation between 
global CMRglu and brain size leading to higher CMRglu in individuals 
with smaller brains (Hatazawa et al., 1987; Yoshii et al., 1988).

Neurochemistry

Differences between men and women exist even on a 
neurochemical level and may contribute to sex differences in a wide 
variety of behavioral traits and in the risk to develop neuropsychiatric 
diseases (Table 2), which is further discussed later in this review. Sex 
differences occur in a wide array of neurotransmitter systems, mainly 
in the opioid, dopaminergic (DA), serotonergic (5-HT), cholinergic 
(ACh) and gamma-aminobutyric acid (GABA)-ergic systems, and 
affect neurotransmitter levels, receptor and transporter activity and 
expression. It has been shown that women have significantly higher 
levels of monoamine oxidase in several brain regions compared to 
men (Robinson et  al., 1977). In a more recent study on rats, the 
response to stress of the monoamine-rich locus coeruleus in rats was 
sexually differentiated (Curtis et al., 2006). The study compared locus 
coeruleus responses to stress in female and male rats under different 
hormonal conditions and found that the stress-related hormone CRF 
was 10–30 fold more potent in activating locus coeruleus neurons in 
female than in male rats. This may explain the increased vulnerability 
and higher prevalence of stress-related psychiatric disorders in females 
than in males, particularly depression (Carter-Snell and Hegadoren, 
2003; Kuehner, 2003).

Serotonin is one of the most abundant monoamine 
neurotransmitters in the brain. Women have higher whole blood 
5-HT levels than men (Ortiz et  al., 1988), which appears to 
be genetically determined (Weiss et al., 2005). Healthy women also 

have higher 5-HT transporter availability in the diencephalon and 
brainstem compared with men (Proebstl et  al., 2019) and higher 
5-HT1A receptor numbers than men in certain brain regions (Arango 
et al., 1995; Parsey et al., 2002). On the other hand, men synthesize 
serotonin significantly faster than women and reach 52% higher 
synthesis mean rates (Nishizawa et al., 1997). A rich body of literature 
demonstrates the involvement of 5-HT in a wide range of disorders. 
In fact, it appears that all psychiatric disorders are related to 5-HT 
dysfunctions, and many, if not all, psychotropic drugs used to treat 
psychopathological conditions interfere, to varying degrees, with the 
5-HT system (Deakin, 2003; Davies et al., 2010). However, concerning 
depression, which is often widely associated with the 5-HT system, 
recent research has not provided convincing evidence linking 
depression to lower serotonin concentrations or activity (Moncrieff 
et al., 2022).

Dopaminergic function is also enhanced in women compared to 
men. Studies suggest that healthy premenopausal women show a 
higher presynaptic dopaminergic synthesis in the striatum than 
age-matched men (Laakso et al., 2002). The DA transporter, which 
regulates synaptic DA availability, is higher expressed in the caudate 
nucleus in women compared with men. However, sex differences in 
D2 receptors are inconsistent (Kaasinen et al., 2001) and D2 receptor 
availability may vary with fluctuations in sex hormones across the 
menstrual cycle. DA transporter expression has been positively 
correlated with learning performance (Mozley et  al., 2001). Sex 
differences in the dopaminergic system have been linked to sex 
differences in the incidence and prevalence of neuropsychiatric 
disorders such as anxiety, depression, schizophrenia, addiction, and 
attention deficit hyperactivity disorder (Williams et al., 2021). Higher 
dopaminergic tone may also be the reason for a stronger effect of 
antidopaminergic drugs in women than men (Seeman and Lang, 
1990). Furthermore, there is evidence for sex differences in the 
nicotinic acetylcholine receptor system and in the dopaminergic 
system in response to nicotine administration and tobacco smoking. 
Men show a rapid increase in dopamine levels in the ventral striatum 

TABLE 2 A summary table of neurotransmitters where sex differences have been reported.

Neurotransmitter Sex difference Putative disease association

Serotonergic (5-HT) system Females have higher whole blood 5-HT levels (Gur and Gur, 1990), higher 

5-HT transporter availability in the diencephalon and brainstem (Rodriguez 

et al., 1988), and higher 5-HT1A receptor numbers than males (Baxter et al., 

1987; Staley et al., 2006).

Males synthesize serotonin significantly faster than females (Andreason et al., 

1994).

A wide range of psychiatric disorders, including, 

depression, anxiety and antisocial personality disorder 

(Hatazawa et al., 1987; Reiman et al., 1996).

Dopaminergic (DA) system Females show a higher presynaptic dopaminergic synthesis in the striatum 

than age-matched males (Robinson et al., 1977).

DA transporter, which regulates synaptic DA availability, is higher expressed 

in the caudate nucleus in females (Curtis et al., 2006).

Anxiety, depression, schizophrenia, addiction, and 

attention deficit hyperactivity disorder (Kuehner, 2003).

DA transporter expression has been positively correlated 

with learning performance (Carter-Snell and Hegadoren, 

2003).

Cholinergic (ACh) system Females show higher frontal cortex cholinergic activity, while males have 

higher activity in the hippocampus (Proebstl et al., 2019).

Nicotine addiction (Weiss et al., 2005).

Gamma-aminobutyric acid 

(GABA)-ergic

Females have higher cortical GABA levels than males (Parsey et al., 2002). Seizures and movement disorders (Löscher et al., 1987, in 

rats).

Opoid system Sex differences exist in opioid affinity, receptor density, signal transduction, 

and tolerance development (Moen and Lee, 2021; Seeman and Lang, 1990).

Analgesia (Seeman and Lang, 1990).

Blood pressure (Cruz and Rodríguez-Manzo, 2000, in rats).
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and the upregulation of the β2-subunit containing nicotinic 
acetylcholine receptor (β2-nAChRs) in the cortex and striatum in 
response to tobacco smoking compared to women (Verplaetse et al., 
2018). In a recent review from 2018, it was reported that sex hormones 
exert trophic effects on the cholinergic system, and that females show 
higher frontal cortex cholinergic activity whereas males have higher 
activity in the hippocampus (Giacobini and Pepeu, 2018). Sex 
differences in the nicotinic acetylcholine system may even underlie 
sex-related differences in nicotine addiction (Verplaetse et al., 2018; 
Moen and Lee, 2021).

Differences between men and women have been also reported for 
GABA. GABA neurotransmission seems to be tightly regulated by the 
menstrual cycle (Gingnell et al., 2013). MRI studies have shown that 
women have higher cortical GABA levels than men (Sanacora et al., 
1999). Sex differences in GABA neurotransmission may contribute to 
differences in the incidence of seizures and movement disorders in 
sexes. In certain experimental models of epilepsy, sex differences in 
the susceptibility to certain types of seizures, seizure-induced damage, 
or response to antiepileptics have been reported (Tan and Tan, 2001; 
Galanopoulou et al., 2003; Kalkbrenner and Standley, 2003). Epilepsy 
is more common in men than in women (Kotsopoulos et al., 2002). 
One of the brain areas that has been implicated in the higher 
susceptibility of males to seizures is the substantia nigra reticulata, 
which is involved in the control of movement (Garant and Gale, 1983; 
Löscher et al., 1987). A higher male incidence has also been reported 
for other diseases, including Tourette syndrome (Freeman et al., 2000) 
and Parkinson’s disease (Bower et al., 2000), which have been linked 
to an underlying dysfunction of the substantia nigra reticulata.

Sex differences in opioid peptides and in their analgesic 
effectiveness have been documented (Craft, 2003). Multiple 
mechanisms underlying sex differences in opioid analgesia are 
suggested, including both pharmacokinetics and pharmacodynamics. 
Sex differences in opioid analgesia can be explained by, for example, a 
different affinity of opioids for opioid receptors, differences in opioid 
receptor density, or differences in the signal transduction by opioid 
receptors (Craft, 2003). There is evidence for sex differences in the 
density and distribution of opioid receptors and endogenous opioid 
peptides in the rodent hypothalamus. Moreover, there are indications 
that opioid receptors and opioid peptide levels can be modulated by 
gonadal steroid hormones, particularly estrogen, at least in some areas 
of the brain (Maggi et al., 1991). In addition, a different capacity of 
opioid receptor binding in several brain regions in men compared to 
women, including the amygdala and thalamus, has been detected 
(Zubieta et al., 1999). Several studies in rodents have reported sex 
differences in the development of opioid tolerance, such that males 
and females may develop morphine analgesic tolerance at different 
rates (Kasson and George, 1984; Craft et al., 1999). Besides analgesia, 
other examples of sex differences in the effect of opioids have been 
observed, including blood pressure (Cruz and Rodríguez-Manzo, 
2000), opioid-induced changes in respiration (Dahan et al., 1998), 
body temperature (Kest et al., 2000), locomotor activity (Stewart and 
Rodaros, 1999) and food intake (Marrazzi et al., 1996). Understanding 
how biologic factors such as how sex influence the opioid effects will 
enable us to use existing opioid pharmacotherapies more appropriately 
and efficiently, and perhaps to develop better opioid-based medicines 
in the future.

There are interactions between sex hormones and important 
neurotransmitters, such as serotonin, dopamine, GABA and 

glutamate, which partly explain sex dependent differences, e.g., in 
neuropsychiatric diseases. Depending on the neurotransmitter system, 
sex hormones such as estrogen and progesterone can exhibit 
facilitative, excitatory, and suppressive effects on neurotransmission. 
For example, progesterone suppresses the excitatory glutamate 
response (Hausmann and Güntürkün, 2000) and facilitates GABAergic 
neurotransmission through its action at GABAA receptors (Van 
Wingen et al., 2008). In contrast, estrogen has been shown to facilitate 
glutamate transmission (Smith and Woolley, 2004) and to suppress 
GABA inhibitory inputs. Furthermore, it is well established that 
estrogens modulate dopamine signaling in the dorsal striatum 
(Bazzett and Becker, 1994). Estrogen also promotes dopamine release 
in the striatum, which is thought to be mediated by the inhibitory 
effect of estrogen on GABA release, as dopamine terminals are 
influenced by GABAergic inputs. Thus, a decrease in inhibitory tone 
might facilitate DA release. Estrogen seems also to have an impact on 
the serotonergic system, thereby exerting effects on cognition and 
mood (Epperson et al., 2012). Estrogen can even increase serotonin 
levels and decrease 5-HT reuptake (Koldzic-Zivanovic et al., 2004), 
which allows 5-HT to stay longer in the synaptic cleft and to exhibit 
prolonged effects on postsynaptic receptors. Variations in hormone 
levels across the human lifespan may be particularly significant for the 
probability of developing certain mood disorder and 
neurodegenerative pathologies. Increased knowledge about the 
interplay between gonadal steroid hormones and different 
neurotransmitter systems may contribute to a better understanding of 
the etiology of neuropsychiatric diseases that display a relevant sex 
difference, such as Alzheimer’s disease and depression and will help to 
develop better preventive and more effective treatment strategies.

Cognition

The topic of sex differences in cognitive abilities continues to 
generate interest not only for social scientists but also for the general 
public and media (Halpern and LaMay, 2000; Reilly, 2012). A better 
understanding of morphological and functional differences may help 
explaining several behavioral sex differences (Zell et al., 2015; Gur and 
Gur, 2017). However, directly linking cognitive performance to 
biological factors is overly simplistic due to its intricate susceptibility 
to various variables, including societal influences, culture, gender, self-
perception, and hormones, all of which can significantly influence the 
outcomes. Evidence demonstrates that the extent of sex differences in 
cognitive performance among middle-aged and older populations 
across Europe systematically varies across cognitive tasks, birth 
cohorts, and regions. Furthermore, it highlights a correlation between 
the cognitive performance exhibited later in life and the living 
conditions as well as educational opportunities individuals were 
exposed to during their formative years (Weber et al., 2014).

Although sex differences are small in many psychological 
functions, they still exist in several domains. To start with women, 
they tend to perform better in verbal and memory tasks. More 
specifically, women appear to be better spellers and to have slightly 
better verbal ‘fluency’ (Kimura, 1999). Women’s advantage in reading 
(and writing) may be related to an early advantage in many language-
related competencies that facilitate learning to read (Halpern, 2021). 
Further, reading comprehension might also require more complex 
underlying social-cognitive processes in which women also have 
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higher capabilities (Geary, 1998), such as perspective taking, “theory 
of mind,” and social understanding (Hatcher et al., 1990; Bosacki and 
Astington, 1999). Other behaviors and traits that are more common 
among women include agreeableness (Costa et al., 2001), neuroticism, 
which includes personality traits that are characterized by negative 
emotions such as anxiety, anger, and depression (Schmitt et al., 2008), 
and self-reported interest in people versus things (Su et al., 2009). On 
the other hand, males perform on average better in mental rotation 
tasks (Maeda and Yoon, 2013), and they tend to have better spatial 
abilities than women (Hampson, 1990). Men also show a higher level 
of physical aggression (Archer, 2004), and they have traditionally been 
considered more aggressive than women (Leslie and Wilson, 2020). 
While women express anxiety and fear in response to provocation 
(Björkqvist, 2018), men tend to respond with aggressive behavior 
(Archer, 2004; Björkqvist, 2018). Moreover, men lie behind about 80% 
of all global homicides (United Nations: Office on Drugs and 
Crime, 2022).

When it comes to mathematical performance, there are sex 
differences in mathematics anxiety. Women report greater 
mathematics anxiety in comparison with men (Goetz et al., 2013; Bieg 
et  al., 2015). In terms of performance, the literature presents 
conflicting findings. While some studies propose that women tend to 
score lower than men on mathematics tests in most developed nations 
(Stoet and Geary, 2013), others emphasize that males and females 
perform similarly, challenging the stereotype that girls and women 
lack mathematical ability (Bosacki and Astington, 1999). In addition, 
the statement that only few women among the top performers in 
mathematics (Else-Quest et  al., 2010) should be  interpreted with 
caution, as multiple factors may account for this gender gap. Today 
women earn 45% of the undergraduate degrees in mathematics, yet 
they constitute only 17% of university faculty in mathematics (NSF, 
2023). Furthermore, studies suggest a correlation between the level of 
country specific gender equality and sex differences in mathematics 
performance (Guiso et al., 2008; Else-Quest et al., 2010). Although this 
is not yet understood from a neuroscientific view, economically 
developed and countries with a high level of gender equality show 
larger sex differences in mathematics anxiety compared to less 
developed countries (Stoet and Geary, 2013). The greater mathematics 
anxiety among women may be  the reason behind the lower 
participation of women than men in career paths that involve 
mathematics (Beilock et al., 2010). There is an underrepresentation of 
women in Science, Technology, Engineering, and Mathematics 
(STEM) related fields and as we make progress in gender equality, the 
sex differences in the pursuit of STEM degrees have paradoxically 
risen (Stoet and Geary, 2018). Sex differences in patterns of interest 
may contribute to this phenomenon (Su et al., 2009), although these 
patterns, too, are shaped by culture. The existence of stereotypes about 
female inferiority are also of significant concern, as they can 
discourage women from entering or persisting in STEM careers.

A modest correlation between cerebrum size and intelligence 
quotient (IQ) within a sex has been reported (Pietschnig et al., 2015). 
While there is almost unanimous consensus that men and women do 
not differ in general intelligence (Neisser et al., 1996; Halpern et al., 
2007), men and women tend to use different brain areas to achieve a 
similar IQ. In men, IQ correlates with gray matter volume in the 
frontal and parietal lobes, whereas in women, IQ correlates with gray 
matter volume in the frontal lobe and Broca’s area, linked to language 
use (Haier et al., 2005). Males exhibit greater functional connectivity 

than females and the differences are mainly present in frontal, parietal, 
and temporal lobes. Both male and female brains exhibit small-world 
organization, a concept in neuroscience that describes the brain’s 
network organization. This concept quantifies how effectively 
information is exchanged within local neighborhoods, resulting in 
efficient information segregation and integration at low wiring and 
energy costs. Male brains are more locally clustered in all lobes of the 
cerebrum and are more segregated, while female brains have a higher 
clustering coefficient at the whole brain level and are more integrated 
(Zhang et  al., 2016). Studies have found that males show greater 
variance in cognitive ability (Lakin, 2013; Iliescu et al., 2016). Greater 
variance in males has also been documented for psychological 
characteristics such as personality (Borkenau et al., 2013) and physical 
traits such as athletic performance (Olds et al., 2006).

All the differences in diverse cognitive abilities need to 
be scrutinized critically and interpreted with utmost caution. While 
genetic vulnerability could offer an initial explanation, the sex 
differences observed across different contexts imply a multifaceted 
interplay of social, environmental, and genetic elements that shape 
these disparities over the course of life. Evidence suggests that sex 
differences in the brain are largely the result of experience because 
experience changes the brain (Squire, 1992). Both environmental 
enrichment studies in animals as well as studies in humans indicate 
that the mammalian brain changes as a consequence of experience 
(Kempermann et  al., 2002; Trachtenberg et  al., 2002). Gender-
specific environments are being established as early as in infancy, for 
example through toys, social interactions and behavioral 
expectations. Discouraging boys from openly expressing emotions, 
such as crying, and enforcing a “be a man” mentality, along with 
clothing girls in garments that constrain their movements to 
conform to gender norms, can significantly influence the maturing 
brain. The report by Hines and her colleagues (Hines et al., 2016) in 
this same issue, depicting how girls emulate behaviors based on 
female role models, serves as evidence that such processes can 
indeed take place.

While women generally tend to outperform men on most verbal 
tests and men tend to excel in visual–spatial tasks, it’s important to 
note that the effect sizes associated with these differences are 
generally small. This implies that the overlap in the distribution of 
scores between males and females is more substantial than the 
disparities between them. Numerous studies have demonstrated that 
performance in mental rotation is greatly influenced by the practice 
of spatial tasks, as well as by one’s educational and cultural 
background (Peters et al., 2006; Hoffman et al., 2011). Furthermore, 
in terms of self-rating, men consistently rate their spatial abilities 
significantly higher than those of women, whereas women do not 
rate their verbal abilities higher to those of men (Weiss et al., 2003). 
Sex differences have also been reported in the self-estimation of 
intelligence (Beyer, 1999). A similar picture emerges for 
mathematical performance, for which a comprehensive meta-
analysis encompassing data from 242 studies conducted between 
1990 and 2007, involving 1.2 million children and adults, reveals no 
sex differences in math performance (d = 0.05; Lindberg et al., 2010). 
In addition, large international studies have revealed significant 
cross-cultural discrepancies in cognitive sex differences, thereby 
challenging the idea of universal male advantages in mathematics 
and female advantages in verbal abilities (Else-Quest et al., 2010; 
Levine et al., 2016).
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Pathology

Understanding the biology of sex-dependent brain development 
and function may help to explain the pathophysiological mechanisms 
underlying different diseases and may lead to more effective and 
individually adapted therapeutic interventions (Rutter et al., 2003). In 
a recent study on sex differences in complex traits in the UKB for a 
total of 530 traits from around half a million individuals, evidence of 
sex differences was found for 71 of the traits considered (Bernabeu 
et al., 2021). There are many examples of neuropsychiatric disorders 
and other diseases that affect men and women in a sex-specific way 
with regard to onset, symptomatology, prevalence and severity 
(Figures 1–3). For instance, males display higher rates of disorders 
belonging to the autism spectrum. Autism is estimated to be 4 to 
7-fold more common in boys than girls (Baron-Cohen et al., 2011). 
Furthermore, the incidence of developmental language disorders is 
generally higher in males than females, with dyslexia being three to 
four times higher in boys (Arnett et  al., 2017). ADHD is also 
significantly more common in males (Nøvik et al., 2006; Munkvold 
et  al., 2011), and boys show more impulsivity, hyperactivity and 
externalizing relative to girls (Biederman et al., 2002; Gershon, 2002). 
Men have a higher risk for cardiovascular diseases, such as stroke, 
than women before menopause. However, after menopause, the 
incidence of stroke among women surpasses that of men (Haast et al., 
2012). A recent study found evidence of a sex-specific genetic burden 
of risk for hypertension, particularly early-onset hypertension, that is 
more pronounced in women than men (Kauko et  al., 2021). 
Alcoholism affects men more than women (Ceylan-Isik et al., 2010). 
Parkinson’s disease is more prevalent in men than women (Georgiev 
et  al., 2017), and sex differences exist also in the prevalence of 
schizophrenia (Aleman et al., 2003; Bergen et al., 2014).

On the other hand, females show a higher prevalence of major 
depressive disorder (Gobinath et al., 2017). Anxiety and depression 
are also more common in females starting from puberty (Hayward 
and Sanborn, 2002). Anxiety and fear-based disorders affect men and 
women disproportionately and the mechanisms underlying fear-
related disorders are sexually differentiated, according to a recent 

study that investigated sex differences in fear extinction (Velasco et al., 
2019). Moreover, eating disorders are more prevalent in females 
(Swanson et al., 2011), with differences evolving in adolescence (Giedd 
et al., 2012). Men and women show differences in eating behavior and 
there are differential brain responses to food or eating stimuli in 
various structures. Pathological eating patterns which are more 
common among females makes women more vulnerable to obesity. It 
has been suggested that females may be more reactive to visual food 
stimuli and have greater difficulties deactivating limbic areas of the 
brain associated with emotional regulation to overcome the 
motivational drive to eat (Chao et al., 2017; Yeung, 2018). Women are 
furthermore at higher risk for addiction than men. Women are more 
sensitive to the reinforcing effects of psychostimulants, such as 
amphetamine and cocaine, and they show a more rapid progression 
from initial use to drug dependence (Lynch et al., 2002). There are 
differences in brain activation in response to drugs between males and 
females (Kilts et al., 2004), and differences have been discovered even 
in the responsiveness of dopamine to stimulation by, for example, 
amphetamine (Becker, 1999). The literature also demonstrates that 
headache, in particular migraine, is more prevalent in women than 
men, which is thought to be due the role of sex hormones, especially 
due to higher estrogen levels in women (Chai et al., 2014). In general, 
women are strongly overrepresented among patients with chronic 
pain (Riley et  al., 1998). While sex differences in pain sensitivity 
explain some of the variances (Ruau et al., 2012), some other common 
pain conditions are tightly connected to female anatomy and 
physiology, including endometriosis, vulvodynia and menstrual pain.

Providing a clear characterization of neurobiological sex 
differences is a step toward a better understanding of the differential 
prevalence in neuropsychiatric disorders. However, a comprehensive 
perspective requires the consideration of diverse factors, such as age 
among other variables, to elucidate the underlying sex differences in 
pathological processes. For instance, a notable illustration lies in the 
increased susceptibility of females at an advanced age to heightened 
concentrations of antipsychotics (Castberg et al., 2017). In addition, 
sociocultural norms and the interpretation of diagnostic criteria are 
likely underlying factors contributing to some of the evident sex 

FIGURE 1

Major disease categories. Major disease categories stratified by sex using data from UK biobank. Sex differences are apparent for many diseases. The 
frequency for men is generally lower as indicated by the orange bars. The frequency of almost all diseases, except circulatory diseases, respiratory 
system diseases and mental and behavioral diseases, is higher among women (>50%) as indicated by the blue bars.
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differences in disease prevalence. For instance, reduced help-seeking 
behavior among men could account for their lower treatment rates for 
depression (Möller-Leimkühler, 2002), and existing diagnostic 
guidelines often lead clinicians to under-diagnose ASD in females 
(Hull et al., 2020). Insights into how and where the brain differs as a 
function of sex and how sex interacts with other factors, such as age, 
will enable more targeted examinations into the potential drivers of 
these disparities. Subsequently, this nuanced understanding will play 
a pivotal role in refining therapeutic strategies for these conditions, 
enabling more effective approaches to tackle them.

Discussion

Our understanding of how the sex chromosomes act as main 
drivers in the control molecular pathways responsible for the 
development of sex differences in the brain is rapidly growing. The 
expression of genes on the X and Y chromosome is crucial for early 
brain development and mediation of the early phase of sex difference 
development. The sex chromosome genes control regulatory cascades 
relating to the expression of other genes encoded in the autosomes. 
The sex-biased gene expression influences alternative splicing and 
epigenetic control mechanisms as well as range of hormones and local 
regulatory factors. It is becoming increasingly evident that the 
differential splicing and epigenetic control have important 
contribution to sex-differentiated phenotypes and the establishment 
and maintenance of sex differences. Different epigenetic mechanisms 
include DNA methylation, histone modifications, nucleosome 
repositioning, chromatin accessibility, mechanisms involving 
non-coding RNA, and RNA and DNA editing. Furthermore, the 
evidence on how the brain represents an important target for sex 
hormones and how they act throughout the entire brain of both males 
and females is also growing. There is a main impact of sex hormones 

on brain development and plasticity and the hormones exert 
organizational effects on the brain during neurodevelopment as well 
as altering intrinsic functions in the brain during lifetime. Future work 
is warranted to explore in much greater depth the links between sex 
differences in the brain at multiple points across the lifespan.

Most traits are influenced by one or more genes interacting in 
complex ways with the environment and while some traits are strongly 
influenced by genes, other traits are strongly influenced by the 
environment. The effect of the environment on the biological 
functions are mediated in many difference ways. For example, 
molecular inputs to chromatin via cellular metabolism are modifiers 
of the epigenome (Dai et  al., 2020). Different inputs, for example 
nutrient availability, pharmacological and behavioral treatments are 
implicated in linking the environment to the maintenance of cellular 
homeostasis and cell identity depending on the individual genetic 
composition (Gentner and Leppert, 2019). Many factors modify DNA 
and histones and exert specific effects on cell biology, systemic 
physiology and thus basic pathology (Wissink et al., 2019; Dai et al., 
2020). Research has explored the epigenetic dynamics within 
psychiatric disorders and the impact of environmental influences on 
neurodevelopmental processes (Kofink et al., 2013). However, the 
origins of these differences, whether they stem from environmental 
experiences or non-environmental genetic or hormonal factors, 
remain incompletely understood.

There are some fundamental differences related to the brain 
anatomy. Males generally show a higher brain weight with higher raw 
volumes, larger raw surface areas, but thinner cortices than females. 
While males have a larger average size of the entire CC and greater 
within-hemispheric connectivity, females have better and more 
efficient interhemispheric wiring via the CC, which might explain 
their superiority in multitasking. Other macroscopic differences 
include larger amounts of gray matter, white matter, CSF, and 
cerebellum in males than females. Moreover, there is evidence for sex 

FIGURE 2

Sex differences in mental and behavioral disorders stratified by sex using data from UK biobank exist for many diseases of the nervous system as listed 
in the figure. The frequency for most disorders is higher for men (>50%) as indicated by the orange bars. While for some other disorders, i.e., neurotic, 
stress-related and somatoform disorders, disorders of adult personality and behavior, mood (affective) disorders and unspecified mental disorders, the 
frequency is higher among women as indicated by the blue bars.
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differences in specific brain structures, including the caudate nucleus, 
hippocampus, amygdala, and hypothalamus, as well as in aspects such 
as brain metabolism and cerebral blood flow. However, some of these 
studies show different results for regional volumes dependent on 
whether a correction for total brain volume has been performed, or 
not, and further work is needed to promote consensus on the 
methodological approach. In general, although there are consistent 
reports and documentation of sex differences, certain studies contend 
that these differences might not be sufficient to establish a clear sex 
difference in terms of brain anatomy (Joel et  al., 2015). This is 
primarily due to the extensive overlap in anatomical parameters 
between men and women. Another crucial aspect is the demonstrated 
influence of various factors on brain anatomy, such as nutrition, 
obesity, diet, cultural factors, historical experiences of famine, age, 
educational background, cardiovascular risk factors, and skill level 
(Minagar et al., 2000; Münte et al., 2002; Birns et al., 2008; Hedden 
et al., 2008; Jäncke, 2009; Lupien et al., 2009; Mungas et al., 2009; 
Weiner et al., 2009; Ho et al., 2010; May, 2011; Braskie et al., 2014; Raji 
et al., 2014, 2016; De Rooij et al., 2016; Beyer et al., 2017; Kharabian 
Masouleh et al., 2018).

There is substantial evidence supporting the difference between 
males and females on a neurochemical level. These differences are of 
particular interest for explaining the large differences in the prevalence 
of psychiatric diseases but are also interesting for the differences in 
basal functions. Many studies have been performed on experimental 
animal models such as rats and mice and there is substantial evidence 
that the basic neurochemical networks are highly evolutionary 
conserved in different mammals (Elphick and Egertová, 2001; 
Azmitia, 2007; Hoyle, 2011; Gou et  al., 2012). Sex differences 
encompass various neurotransmitter systems including opioid, 
dopaminergic, serotonergic, cholinergic, and GABAergic systems. 

Characterization of neurochemical sex differences is very important 
to understand patterns of differential prevalence and course in 
neurodevelopmental disorders such as autism spectrum disorder 
(Baron-Cohen et al., 2011), a variety of psychiatric conditions such as 
schizophrenia (Aleman et al., 2003), and neurodegenerative disorders 
such as Alzheimer’s disease (Mazure and Swendsen, 2016). Improving 
our knowledge about neurochemistry will enhance our ability to 
explain the pathophysiology of many neuropsychiatric brain disorders 
that differ between the sexes and ultimately lead to more effective 
interventions. Also, to realize personalized or precision medicine 
using pharmacology, it is imperative to understand sex-differentiated 
disease mechanisms and target drug development with a sex-aware 
approach. Careful attention to sex differences in preclinical and 
clinical research before the release of new therapeutics may prevent 
any growing disparities in health care and optimize therapeutics to 
perform equally well in males and females.

Males and females show differences in several cognitive and 
behavioral domains but the correlation with the difference in gene 
expression, neuroanatomy and neurochemistry is often not well 
causatively explained although the effect of estrogen and testosterone 
on many cognitive and behavioral domains are well understood. An 
important domain to highlight with regard to this aspect is the sex 
differences in aggression and criminal behavior, as men tend to 
be more aggressive than women which is reflected in the fact that 
about 80% of all global homicides are committed by men. Other 
domains may be less well connected to the neurochemistry or sex 
hormones. Sex differences in the cognitive domain may have 
consequences for education and career choices which may have 
several explanation models. For example, sex differences in 
mathematics performance and mathematics anxiety may explain the 
underrepresentation of women in fields such as mathematics and 

FIGURE 3

Sex differences in the diseases of the nervous system stratified by sex using data from UK biobank. Most of the diseases show higher frequencies in 
men (>50%) as indicated by the orange bars, except demyelinating diseases of the central nervous system and nerve, nerve root and plexus disorders, 
as indicated by the blue bars that are more common among women.
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STEM. Interestingly, higher-developed countries with higher living 
standards show larger sex differences in mathematics. It has been 
suggested by Halpern (2021) that this finding may be a result of the 
“Matthew effect” (Ceci and Papierno, 2005), which leads to growing 
differences when more resources are targeted at improving skills in the 
areas in which there is a difference. However, it is important to look 
beyond traditional equality issues and also invest in research in how 
other factors, such as interest differences, contribute to the sex 
differences in performance in the different domains.

Finally, the study of sex differences in the brain has gained 
significant attention and debate within the scientific community. 
While there are well-established sex differences in certain brain 
structures and functions, there is also a considerable amount of 
divergence in the findings, leading to ongoing debates about the 
nature and significance of these differences. This divergence can 
be attributed to various factors, including methodological differences, 
sample sizes, cultural influences, and the complex interplay between 
biology and environment. One area of divergence pertains to the 
structural differences between male and female brains. While some 
studies have reported differences in brain size, the significance of these 
size differences and their relationship to cognitive abilities remains 
debated. Sex-associated neural connectivity and wiring differences 
exist, particularly with regards to front-to-back and interhemispheric 
connectivity in males and females, respectively. However, the cognitive 
and behavioral significance of these variations remains unclear and 
subject to ongoing debate. Research on functional brain activation 
patterns during tasks also highlights divergences between males and 
females, wherein specific tasks can trigger differing brain region 
activation, raising questions about the extent to which these 
differences reflect inherent cognitive disparities or are influenced by 
societal factors and individual experiences. Moreover, the role of sex 
hormones, particularly estrogen and testosterone, in shaping brain 
development and function adds another layer of complexity to the 
divergence in findings. Hormonal fluctuations are linked to brain 
activity and structural changes, but the exact mechanisms and extent 
of their impact on observed cognitive differences are still under 
investigation. The brain’s neuroplasticity further complicates the 
understanding of sex differences as adaptable neural circuits blur the 
line between inherent differences and learned behaviors. Societal and 
cultural factors play a significant role in shaping observed sex 
differences. Traditional gender roles, expectations, and experiences 
can impact cognitive development and behavior. Teasing apart the 

effects of biology from those of societal influences is a challenging task 
and a source of ongoing debate.

In conclusion, while there are undoubtedly well-established sex 
differences in the brain, the field remains characterized by divergence 
in findings and ongoing debates. The complex interplay between 
biology, environment, and culture makes it difficult to untangle the 
exact causes and implications of these differences. Future research 
efforts should prioritize rigorous methodologies, large and diverse 
sample sizes, and interdisciplinary collaboration to advance our 
understanding of the underlying mechanisms and significance of sex 
differences in the brain.
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