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ARTICLE INFO ABSTRACT

Keywords: Sex differences between males and females can be detected early in life. They are present also later even to a
Sex differences much greater extent affecting our life in adulthood and a wide spectrum of physical, psychological, cognitive,
IB{ram and behavioral characteristics. Moreover, sex differences matter also in individual’s health and disease. In this
ormones . article, we reviewed at first the sex differences in brain organization and function with respect to the underlying
Sex-specific medicine . . . . e . . . o .
Heterogeneity biological mechanisms. Since the individual functional differences in the brain, in turn, shape the behavior, sex-

specific psychological/behavioral differences that can be observed in infants but also adults are consequently
addressed. Finally, we briefly mention sex-dependent variations in susceptibility to selected disorders as well as
their pathophysiology, diagnosis, and response to therapy. The understanding of biologically determined vari-
ability between males and females can have important implications, especially in gender-specific health care. We
have the impression that it is very important to emphasize that sex matters. Males and females are differently
programmed by nature, and it must be respected. Even though we as males and females are not the same, we

would like to emphasize that we are still equal and together form a worthy colorful continuum.

1. Introduction

Males and females differ due to a combination of genetic and hor-
monal factors. The recognition of sex differences is possible early during
development. First of all, to address properly the differences between
men and women, it is necessary to distinguish between sex and gender
and their respective effects on health. Gender refers to the continuum of
complex psychosocial self-perceptions, attitudes, and expectations
people have about members of both sexes, behavior, lifestyle, and life
experience [1]. Sex refers to the biological differences between males
and females. Two distinct sexes- males and females are determined by
sex chromosomes and genes that form certain gonads, internal and
external genitalia, and physiological hormones. Another crucial aspect
that contributes to phenotypical sexual differences is epigenetics [2].
The various epigenetic modifications such as methylation, acetylation,
ubiquitination, etc. regulate gene expression (activating or repressing it)
without changing the DNA sequence. The inactivation of X chromo-
somes in females, genomic imprinting, and differential
miRNAs/non-coding RNAs mapping on the X-chromosome are the main
principal epigenetic mechanisms, involved in the determination of sex
differences [3]. It is also important to note that some studies have
demonstrated that genetic differences such as single nucleotide poly-
morphisms (SNPs) located on autosomes can be predictors of

differentially methylated alleles. This explains why some functionally
irrelevant variants can possibly be reconsidered and associated with
some sex specific phenotype [4].

Many features of the brain and behavior vary by sex. Current
research cannot ignore sex differences in brain anatomy, physiology,
and neurochemistry, especially considering the different prevalence of
many psychiatric and developmental disorders in males and females,
signs, and symptoms of pathophysiology, and response to therapy.

The aim of this paper is to bring an overview of sex differences be-
tween males and females pointing out that different genetic and hor-
monal environment code male and female developmental trajectory.
Despite the complexity, we would like to overview that due to different
underlying biological forces, males and females differ not only in
obvious biological aspects but also in brain activity, sex-specific cogni-
tive and behavioral styles, and also susceptibility to illness and disor-
ders. Despite the complexity, biology matters in studying sex
differences, especially considering males’ and females’ different vul-
nerabilities to many developmental and psychiatric disorders. This re-
view has the aim to show there is a biological basis for sex differences,
and that biology plays its role. We would like to point out that sex cannot
be ignored as a possible covariate in various domains and those we
mentioned. In other words, this review wants to show why sex matters
and regarding the aspect of biology men and women are not the same.
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On the other hand, we are aware of the fact that under certain circum-
stances sex differences in adult neural structure or function could be
shaped through experience, practice, and neural plasticity.

Sex steroid hormones are the key regulators of sexual differentiation
and development. The mechanism of their activity is complex and still
not fully understood. Steroids are not the only origin of sex differences.
Genetic and environmental factors modulate the expression of genes
coding not only hormones but also enzymes involved in steroidogenesis
and receptors for hormones. The whole mosaic is even more complicated
by the nongenomic action of steroids. Environmental factors, such as
diet or physical activity, education, or socialization must be also taken
into consideration. It must be mentioned that under certain circum-
stances sex differences in adult neural structure or function could be
shaped through experience, practice, and neural plasticity We are aware
of the fact, that research on sex differences cannot be complete without
consideration of both genetic/hormonal and social influences that fuels
the development via complex nature-nurture interactions. However,
here we focused more on the features of the brain and behavior that vary
by sex and may be referring to different hormonal exposure [5] (Fig. 1).

2. Sex differences in brain organization

Animal studies with rats pointed out that the nucleus of the preoptic
area (SD-POA) implicated in male copulatory behavior exhibits sexual
difference. It represents one of the most characterized sex differences
and it is 2.6 times larger in males when compared to females [6].
Sexually dimorphic regions are not always larger in males. The ante-
roventral periventricular nucleus (AVPV), part of the hypothalamus
associated with the regulation of ovulatory cycles, is larger in females
with a higher cell density in both mice and rats [7]. Other volumetric sex
differences were also reported (for review see [8]). However, there are
some concerns about the lack of internal consistency within a single
brain in the animal literature. Human MRI studies allow the simulta-
neous assessment of multiple brain features in many individuals. The
largest single-sample study of neuroanatomical sex differences to date
performed on 2750 female and 2466 male participants from a UK bio-
bank (mean age 61.7 years, range 44-77 years) showed males having
higher raw volumes, raw surface areas, and white matter fractional

chromosomes
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anisotropy; females had on the other side higher raw cortical thickness
and higher white matter tract complexity. In other words, sex differ-
ences were reported, sometimes in favor of women and sometimes in
favor of men. However, there was considerable distributional overlap
between the sexes [9]. Another MRI study of more than 1,400 human
brains (8: mean age of 31.5, range 18-79; Q: mean age 28.9, range
18-75) similarly demonstrates that, although there are sex differences in
the brain, human brains do not belong to one of two distinct categories:
male brain/female brain. Most human brains have a mixture of char-
acteristics, such as tissue structure belonging generally to both men and
women [10,11].

Previously mentioned studies looked only at the brain structure but
not the function. However, functional connectome organization showed
stronger connectivity for males in unimodal sensorimotor cortices, and
stronger connectivity for females in the default mode network [9]. The
connectivity profiles showed an early separation between the develop-
mental trajectories of the two sexes, with males displaying higher
intra-hemispheric connectivity and females of the same age displaying
higher interhemispheric connectivity. This implies that the average
male brain is designed for better connecting sensory perception with
motor activity and the female brain is predisposed to linking analytic
and intuitive processing [12]. These observations support the formerly
postulated callosal theory according to which prenatal testosterone
mediates early axon pruning in callosal tissue, and thus the more
testosterone a brain is exposed to in the uterus, the more lateralized the
functions are [13]. It is also in line with one of the first works in this field
that already in 1959 showed that prenatal testosterone affects the brain
architecture. [14]. Authors back then assumed that these effects were
more likely subtle, as they were reflected in function rather than invis-
ible structure. Organizational effects possibly produce permanent
changes in the wiring and sensitivity of the brain areas [15-17]. This
theory was later proved by more recent research [18-22] demonstrating
for instance, how males’ and females’ brains worked differently during
solving the same language tasks [23]. It can be speculated then that our
brain might work differently in order to compensate for a different
hormonal influence, caused by gonadal steroids. In other words, sex
differences exist to enable more similar performance in certain tasks
considering the different hormonal environment in males and females
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Fig. 1. Factors contributing to sex differences. Genetic and environmental factors such as diet, physical activity, education, socioeconomic status, or socialization
modulate the expression of genes coding not only sex hormones but also enzymes involved in steroidogenesis and receptors for hormones.
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[24].

Despite the intense research in this field, it remains challenging to
precisely understand when sexual differentiation begins. Animal
research reveals valuable information that helps to shed more light on
the understanding of critical periods in brain development and their
impact on further functioning [25]. Sexual differentiation of the brain is
a unique critical window that corresponds with the onset of endogenous
testosterone production from fetal testes. In rodents, the window starts
to be open on embryonic days 16-18 [26]. Circulating testosterone
levels fall within hours of birth and the critical period closes shortly
thereafter as the process of masculinization irrevocably proceeds. Fe-
males are not exposed to endogenous testosterone as the ovaries are
quiescent; therefore, gonadally derived hormone exposure is limited to
the testosterone exposure from their littermates. During this window,
the brain sex of a female can be converted to that of a male by the
administration of exogenous steroids. Females remain sensitive to
exogenous testosterone treatment for up to a week after birth, afterward
female becomes insensitive to the masculinizing effects of exogenous
testosterone indicating the end of the sensitive period [27-29]. Because
of the unique synthesis of testosterone in males but the shared sensitivity
of both sexes to this steroid hormone, males have a short critical period
whereas females have a longer sensitive period [30]. Interestingly, at the
time of birth, there is no visible difference in POA between males and
females. The process is completed by ten days of age [30].

In humans, a critical period for the organization of the brain is
thought to be between weak 8 and 24 of gestation [31]. During this
period, testosterone levels are high. Testosterone levels become
increased from the 7th week of gestation, reaching the peak in the fetal
serum between weeks 12 and 18 of pregnancy [32]. This developmental
period is essential for normal CNS function, brain masculinization in
male fetuses, and neurological health [33,34]. It appears that brains
undergo different developmental trajectory prenatally during which
activity of hemispheres is set up [35].

However, studies on human newborns and infants have limitations
and bring puzzling information. There is some research pointing out the
sex differences in brain volume and cortical thickness [36], while other
papers found no significant effect in 1 to 6 years of age [37]. After birth,
specifically from 4 to 12 weeks of postnatal life, there is a second peak of
testosterone in male infants, sometimes called mini-puberty [24]. Ac-
cording to some authors, this time is of particular interest since it is
presumed to be another critical period for the development of sex dif-
ferences in the human brain [38]. This time is of particular interest since
it is presumed to be another critical period for the development of sex
differences in the human brain. Moreover, it provides the opportunity to
directly measure parameters of interest with minimal impact on the
social environment [24]. However, this is just a speculation at this
moment, since to date, no evidence suggests the postnatal period is
sensitive to sexual differentiation. Based on the current state of knowl-
edge, the process seems to be entirely prenatal [30]. Future studies on
primate models might answer this question, whether there is a second
and later sensitive period for differentiation of the primate brain [39].

Before any physical signs of puberty, there is a quiescence period
when endogenous gonadal steroids remain in relatively stable low
concentrations [40]. A wide spectrum of endocrine changes is associated
with the maturation of the reproductive functions during the adolescent
period [41,42]. We now know that also brain structures can be modified
during this time of puberty [43]. Steroid hormones activate specific
processes such as the production of new cells, dendritic growth, spine
density, myelination, and brain plasticity and also contribute to the
activation of sex-specific behavior [44-47]. Sex steroids were found to
change gene expression in neurons, modulating their possible responses
to incoming signals [48].

3. Sex differences in temperament and cognition

To a certain degree, previously mentioned brain differences translate
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to behavioral differences. Many of these cognitive and behavioral dif-
ferences appear early in life, and they are biologically determined rather
than learned (see below). On the contrary, one can argue that observed
sex-associated differences in cognition and behavior in humans are due
to the effects of cultural influences. However, there is a large body of
research pointing to the biological basis of sex-based cognitive differ-
ences that cannot be ignored. Prenatal and neonatal testosterone expo-
sures, together with genetic factors affecting androgen signaling, are
strong candidates for having a causal role in shaping human behavior
[49]. Moreover, many cognitive processes were proved to be influenced
by circulating hormones throughout life [50-52].

Remarkably, sex differences in behavior are detected very early, at
an age when children show few if any signs of recognizing either their
own or other children’s sex. A study of rhesus monkeys, for example,
showed that males strongly preferred toys with wheels over plush toys,
whereas females found plush toys more likable [53]. A much more
recent study found that boys and girls 9 to 17 months old showed
marked differences in their preference for stereotypically male versus
stereotypically female toys [54]. Girls that are affected by higher fetal
testosterone levels displayed a typical male pattern of play [55,56]. The
sex-typed play has been intensively studied and many research groups
have reported links to prenatal testosterone exposure [57-60]. While the
complex involvement of social influences on toy preference of human
subjects is always a factor, a primary role for organizational hormones in
toy preference seems likely.

There are also sex differences in the motif, color choice, figure
composition, and use of motion in children’s pictures (age from 5 to 9
years) [61,62]. Girls draw flowers, butterflies, the sun, and human
motifs significantly more often than do boys, who more often draw
mobile objects such as trains and cars. Girls use color more often and
more diffusely; they tend to arrange their figures in a row and draw each
figure equally. Boys tend to wuse blue and gray; draw
three-dimensionally, and magnify or emphasize a central figure or
theme more often than girls [63]. The masculine index was significantly
higher in girls with congenital adrenal hyperplasia producing a higher
amount of testosterone due to enzymatic disturbance. This indicates that
androgen exposure during fetal life may contribute to shaping masculine
characteristics in children’s free drawings [63].

Sex differences in spatial-visualization ability were detected as early
as in 3 and 5-month-old infants [64,65]. Male infants showed an
advantage in mental rotation performance and also exhibited greater
visual attention to the object [66]. Sex differences in young infants were
further demonstrated in multiple age groups during infancy [67]. Boys
also react earlier in infancy to experimentally induced perceptual dis-
crepancies in their visual environment [68]. Infant girls, even newborns
respond more readily to faces. In adulthood, women remain more ori-
ented to faces, while men to objects [69,70]. Sex differences in visuo-
spatial skills are well documented mainly in the adult population,
generally favoring men [71]. Visual information processing relies on at
least two separate abilities [72,73] Firstly, coordinate processing spec-
ifies precise spatial locations of objects in terms of metric units and gives
exact distances, particularly useful for guiding actions and navigation.
Secondly, a robust description of the shape that would rely on categories
of spatial relations (e.g., above/below, etc.) is useful for recognizing
objects [74]. Men are better at visualizing what happens when a
complicated two- or three-dimensional shape is rotated in space and
may be biased towards a coordinate processing approach while females
to categorical judgments [75]. Due to different spatial processing, in
navigation tasks, male and female brains use different strategies to solve
the same problem. Females tend to rely on landmarks, while males more
typically rely on more effective strategies of “dead reckoning™: calcu-
lating one’s position by estimating the direction and distance traveled
[76,77]. Functional MRI studies identified consistent differences in
activation patterns during visuospatial tasks reflect a true sex-based
difference in visuospatial processing. A study on a young population
(7 and 15 years of age) showed that males may engage regions that are
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associated with a visuomotor network, and females utilize areas indi-
cated in spatial attention and working memory [78]. Adult studies are in
line with data published on younger populations suggesting
gender-specific differences in the neuropsychological processes involved
in mental rotation tasks [79,80]. Studies have shown that gender dif-
ferences in mathematics performance (493,495 students 14-16 years of
age) are non-existent or that male or female advantage relates mainly to
certain subskills [81]. In this regard, there are evident
culture-dependent differences; for example, although males seem on
average to outperform females in mathematics across all OECD coun-
tries, females score better than males in Finland [82]. But the truth is
that males overrepresent females at the highest performance levels [83].

Studies on early language development were mostly conducted on
children of various ethnicity and race in the first three years of life, in
heterogeneous socioeconomic environment and countries. Study on
Croatian toddlers showed that girls acquire language faster than boys.
Boys represent more than 70% of late talkers and just 30% of early
talkers [84]. Girls on average have a larger vocabulary. For example, at
16 months, girls have a vocabulary of 95 words, while boys have a vo-
cabulary of 25 words [85]. The differences are not observed only in the
development of the language system but also in the development of
overall social communication skills. Independently on race, ethnicity, or
socioeconomic status, boys lag behind girls in the development of many
communication features — eye contact, gesture use, gesture imitation,
joint attention, social referencing, etc. perhaps due to different roles
they have had in social groups during evolution (for review see [84]).
Some research showed that adult females (aged from 20 to 30) out-
performed men on the verbal fluency task [86]. A meta-analysis of 98
studies (N = 11,528) assessed verbal fluency through narrative writing,
and a robust female advantage became evident. It was associated with
the reproductive life stage and variations in current estradiol concen-
trations [87] However, some papers raises also doubts. Verbal abilities
in adult populations differ by just 0.1 standard deviation between males
and females so it becomes rather difficult to replicate the sporadic
findings of significant sex difference [88] Moreover it was shown that
the results must be interpreted with caution [89]. In more selected
samples, female advantage can disappear because of greater male
variability.

Traditionally, men have shown a prevalence in gross motor perfor-
mance and women in fine motor performance, due to gender roles and
the work they are accustomed to carrying out more frequently [90].
However, with time, these differences have become more insignificant
due to changes in male/female roles in some societies (especially in
western societies) [91]. Recent research on fine motor tasks performed
by 220 Spanish participants (ages: 12-95) reported sex differences in
precision. However, more effects were observed according to age groups
rather than sex. [90]. Moreover, it can be argued that sex differences in
motor behavior could reflect the existing differences in personality [92]
and individual cultural differences [91].

Individual differences in cognitive abilities can be generally
measured by the intelligence quotient (IQ). No differences were found in
the mean IQ of males and females. However, males performance is more
variable, they form a higher percentage in intellectually gifted but also
in mentally challenged individuals [93,94].

Notably, investigations of visuospatial or verbal variability between
males and females also have practical importance in the interest of
particular occupations. Spatial abilities and mathematical reasoning
skills are both strong domains typical for males. They are relevant to
science, technology, engineering, and general mathematical compe-
tence [95,96]. Those are likely to be necessitated in various professional
fields, for instance, architecture, engineering, navigation, science, and
medicine [97]. It is proved that teenagers who excel in the tasks
requiring high mathematical and spatial demands are more likely to
major in technical disciplines in college and are over-represented in
technical positions [98]. Studies have found a disproportionately higher
number of males scoring in the extreme right tail of the distribution,
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from which many talented technical professionals are sourced [99].

Apart from cognitive differences, males and females differ in
temperament and personality. Large sex differences were documented
for empathy (for review see [100]). It is noteworthy, that a recent study
with over 10,000 participants concluded that sex differences in empathy
were all due to sex-stereotyped norms and expectations [101]. However,
several behavioral studies with infants and young children provide
objective evidence that females experience greater empathy than males
[102-104]. Studies with children are especially valuable in this field
since they point towards the biological origin of the sex differences due
to the fact that socialization pressure and social expectations had less
time to exert their influence. Also, females generally tend to display
more of social competence than males inside as well as outside of the
family. They are more caring, sensitive to the needs of others, and
prosocial [105,106]. Published literature provides evidence that there
are sex differences in caregiving emerging early in development. Studies
investigated how infants manipulate objects, such as dolls, that tradi-
tionally are handled differently by boys and girls [107]. Female play
more often involves caring for another individual (e.g., pretended baby),
male play does not [108]. This was shown not only in humans but also in
primates [109,110]. Regarding the animal kingdom, there are also other
studies that reported sex differences in behavior whether the individuals
come to the aid of others in need. For example, female mice were more
likely than male mice to approach mates who were restrained and in
pain [111]. In another study, females rats were shown to behave in
prosocial ways without training or reward and act intentionally even
when prosociality decreases food intake [112] According Cordoni et al.,
who studied behavior of western gorillas, providing comfort to victims
of aggression or individuals who are otherwise upset is a domain of fe-
males [113]. Studies in nonhuman animals and younger human pop-
ulations (infants/children) offer converging evidence that sex
differences in prosocial behavior have phylogenetic and ontogenetic
roots in biology and are not merely cultural by-products driven by so-
cialization (for review see [114]. It can be explained by a lower potential
rate of reproduction, larger certainty about biological relatedness to
their offspring, and a larger investment from the start of gestation in
their evolutionary trajectory [114]. These traits of females are reflected
in more careful and protective parental behavior and also in their
occupational interests [115].

Regarding the process of evolution, males adopted different repro-
ductive strategies compared to females. Males (young adults, from
western societies) are more focused on finding mates which more
strongly enhances male-male competition to gain access to females
[116]. A metanalysis of 150 studies (analyzing participants from age 9 to
21) showed males are expected to be more prone to risk-taking than
females but this difference was decreased by age [117]. Males also more
often engage in dominant behavior intended to non-aggressively achieve
or maintain power, status, and resources. Even though males are not face
orientated, interestingly, they show a stronger response to angry facial
expressions. The angry face is possibly perceived as a challenge [118].
Males are more utilitarian than females in moral dilemmas. They make
decisions that are viewed as more rational and are aimed at maximizing
overall welfare. They act according to the proverb: “The ends justify the
means”. Females are driven by emotions, making more deontological
decisions according to the phrase: “The means are more important than
ends” [119]. Males and females also differ in the ability to produce
humor. Men’s humor output was rated as funnier than women’s more
due to evolutionary and cultural factors rather than biology [120].

4. Sex differences in pathology

Sex and gender are increasingly recognized as major influencing
factors in literally all disorders (Fig. 2). It is beyond the scope of this
review to discuss all differences. We will point out some of the main
fields in which gender plays a significant role. Sex differences must be
considered and be included as the main topics in the development of
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CARDIOVASCULAR DISEASES NEUROLOGIC AND PSYCHIATRIC DISORDERS
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Fig. 2. Sex differences in disease. Sex and gender are increasingly recognized
as major influencing factors in many disorders. The complex interplay between
sex chromosomes, sex hormones, and epigenetic factors can influence inci-
dence/prevalence, etiopathogenesis, response to therapy, and/or prognosis of
the diseases.

guidelines. However, compared to other fields, guidelines in neuropsy-
chiatry are lagging behind. A growing body of evidence (for review see
[121]) clearly indicates the need to integrate sex and gender in clinical
guidelines since those are potential drivers of much of patient diversity,
affecting disease etiopathogenesis, presentation, diagnosis, and treat-
ment. Taking such diversity into consideration might help improve
preventive measures, increase diagnosis efficacy, enable more effective
and targeted patient therapy, and/or reduce complications and related
disability [1,121].

One of the neurodevelopmental diseases in which sex difference
matters are autism spectrum disorders (ASD). ASD is a set of heteroge-
neous neurodevelopmental conditions, characterized by difficulties in
social interaction and communication (both verbal and non-verbal),
repetitive behavior, and unusually narrow interests that appear during
early childhood. The worldwide population prevalence is about 1 %,
however, the male-to-female ratio is about 3:1 (and even more than 10:1
in ASD individuals without intellectual deficits) [122-125]. The male
bias might be partly explained by the fact that the most widely used
diagnostic tools for ASD also present a certain male bias when assessing
ASD traits in girls, who may perform slightly differently from boys [126,
127]. Especially, girls with autism spectrum disorder who are verbally
fluent and with average or above-average intelligence may be camou-
flaging their deficits, which could result in them being underdiagnosed
[128] and, therefore, girls may receive other diagnoses such as per-
sonality disorder, anxiety disorders, or anorexia nervosa instead of ASD.
This delays proper diagnosis and therapy [122,129]. Another hypothesis
suggests that fetal testosterone (fT) and other factors (for review see
[125]) might possibly lead to extreme expression of the psychological
and physiological attributes that are on average more typical for the
male brain, particularly with respect to systemizing (so-called extreme
male brain theory). Since positive correlations between fT levels and the
number of autistic traits such as systemizing, attention to detail, or
narrow interests as well as inverse correlations between fT and eye
contact, language development, or quality of social relationships were
shown, the boys (at least partly due to the higher fT exposure) would be
more at risk than girls [125].

Sex differences can also be seen in the domain of drug abuse It has
been established that females are more vulnerable than males to alcohol
and most illicit drugs (such as cocaine, morphine or amphetamine, or
opioids [130,131]. Clinical reports indicate that women are more likely
than men to initiate drug abuse at an earlier age, engage in binge-like
patterns of drug intake, report greater difficulty in quitting, exhibit
greater vulnerability to drug craving and relapse, and resume higher
levels of drug use following relapse. During the phase of drug with-
drawal, however, males experience more severe withdrawal effects than
females, suggesting that males are more sensitive to the negative effects
of drugs, while females are more responsive to the rewarding effects.
Thus, elevated sensitivity to the drug abuse in females may not only be
due to their greater sensitivity to rewarding effects but also to their
resilience to the negative effects of drugs. It has been proved that es-
trogens may facilitate the drug abuse in women [132].
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Epidemiological data show that, in the majority of psychiatric dis-
orders, rates of illness, clinical presentation, and treatment response
may differ between men and women. Some of the diseases are more
common in males (such as attention deficit hyperactivity disorder
(ADHD), Tourettes syndrome, and Parkinsons disease), whereas in
others, female prevalence is higher (e.g. multiple sclerosis, Alzheimers
disease, anxiety, or depression) [133,134], even though this might differ
in different countries (e.g. in Alzheimers disease) [135]. As already
mentioned, sex difference plays a role in the symptomatic presentation,
e.g., females more frequently exhibit depressive symptoms [136], while
males tend to have a greater vulnerability to negative symptoms in
schizophrenia (based on the Positive and Negative Symptoms Scale,
negative symptoms include symptoms such as blunted affect, apathetic
social withdrawal, lack of spontaneity, etc.) [137]. Alzheimer’s disease
(AD) also exhibits divergence in the clinical pattern of the disease with
studies showing greater having greater cognitive decline for female
patients in the areas of verbal processing, semantic and episodic memory
than male AD patients [138,139]. Other diseases where sex bias can be
observed are reviewed in [134]. The above-mentioned differences might
be explained by the complex interactions between sex hormones, sex
chromosomes, and epigenetic factors [134].

Even though we mainly discussed and emphasized the human brain,
highlighting the developmental, behavioral, emotional, and cognitive
differences between males and females, sex-specific differences in other
somatic illnesses should also be mentioned. Many diseases, such as
cardiovascular diseases (CVDs), liver diseases, osteoporosis, infectious
and autoimmune diseases, and cancer show a differential susceptibility
between males and females [139,140]. Sex is an important factor that
influences immune system response to multiple antigens. On average,
females have stronger innate and adaptive immune responses than
males [141]. The risk of malignancy is higher for males (such as the
esophagus, lung and bronchial, hepatocellular, or colorectal cancer)
[142,143] and males are generally more susceptible to the infections
than females (e.g. bacterial such as Legionella pneumophila, Campylo-
bacter jejuni or fungal such as Cryptococcus neoformans) [144,145].
Antibody responses to bacterial and viral vaccines are often higher in
females than males [146,147]. This could mean that the effective vac-
cine dose is lower for females than for males [147]. However, increased
immunity may also lead to a predisposition of women for the loss of
tolerance to their own antigens and the development of autoimmune
disease [148]. The overall prevalence of autoimmunity is approximately
3-5% in the general population [149], with some diseases having more
than 85% of patients females [150]. Women possess a double dosage of
genes associated with X-chromosome compared to men. One copy of the
X chromosome is randomly deactivated to equalize gene expression
between males and females. However, it is thought that up to 23% of
X-linked genes escape deactivation, including those that affect immune
functions. Thus, the X-chromosome inactivation escape may cause im-
mune responses to be amplified in women [152].

Estrogens also show protective effects on bone and cardiovascular
system physiology and disease. The rapid decline in their synthesis after
menopause is manifested in the faster loss of bone density and strength
than in men of the same age [140,151]. Women aged 50 years and older
are thus diagnosed with osteoporosis at four times the rate of men, and
osteoporotic fractures are more frequent in women than men [152].
However, the literature indicates that male osteoporosis is under-
estimated, underscreened, underdiagnosed, and undertreated [153].
Furthermore, estrogen has the potency to decrease the risk of cardio-
vascular diseases because of its antioxidant, vasodilatatory, and
anti-inflammatory properties, and the ability to enhance lipid profile
[154]. Population studies show that there are lower rates of stroke in
premenopausal women. Women also have better outcomes in ischemic
stroke than men. There is also a lower prevalence of hypertension in
women compared to age-matched men, and males have a significantly
higher risk of developing coronary artery disease with a higher mortality
rate than females, particularly at younger ages. Differences seem to be
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dependent, at least partly on hormonal levels because of the rapid rise in
stroke after menopause, as estrogen levels decline. The same trajectory
can be observed in atherosclerosis and hypertension [154-157].

Moreover, men and women may differ in the symptoms, clinical
evolution, and/or prognosis of a disease [1,140]. Pertaining to coronary
heart disease (CHD), it was found out that women are less likely to have
typical angina and are more likely to have atypical or non-anginal pain
than men. Consequently, CHD in women is very often underdiagnosed
[140,158]. Women also experience aphasia as a consequence of a stroke
more frequently than men, which can be explained by the fact that
women tend to suffer embolic strokes more often, and those are more
likely to cause aphasia than lacunar strokes (which are more frequent in
men) [155]. Sex can also determine the course of the disease and its
prognosis, such as in atrial fibrillation where, women, compared to men,
have a more functional impairment, greater limitation in their daily
activities, and lower quality of life scores [159].

Lastly, ones response to the therapy might fluctuate based on sex. It
has been estimated that women have nearly a twofold greater risk than
men for exhibiting adverse drug reactions (ADRs) across all drug classes
and are significantly more likely to be hospitalized secondary to an ADR
[160]. In general, this might be the result of anatomical and physio-
logical differences, which influence pharmacokinetics (e.g. absorption,
distribution, metabolism, or elimination), and/or pharmacodynamics
(e.g. enhanced sensitivity) of drugs. Other factors such as variability of
immune system response and polypharmacy (higher rate in women),
possibly leading to drug interactions, might also contribute to the dif-
ferences [1, 160-162]. It is known that females have longer drug elim-
ination times than males (women have relatively lower glomerular
filtration rate compared to men), and/or enhanced sensitivity to some
drugs [140,160,162]. Most drugs in adults are not administered based
on weight but as a “one size fits all” dose, leading to higher exposures in
women [160]. It should be noted that plasma concentrations of some
drugs might undergo variations in relation to the different phases of the
menstrual cycle: higher concentrations in the follicular phase with a
higher risk of side effects, and lower concentrations in the luteal phase,
resulting in minor therapeutic efficacy [1]. Despite the need for studies
to address the impact of sex differences on the adverse effects of drugs,
the female sex still remains underrepresented in clinical studies [163,
164].

5. Conclusion

This review aims to summarize the sex differences between males
and females reported from an early age until adult life. Males and fe-
males differ not only in obvious biological aspects but also in brain ac-
tivity, sex-specific cognitive and behavioral styles as well as
susceptibility to illness and disorders. Trying to assign the relative
contributions of “nature” versus “nurture” is tough at best. Human in-
dividuals are very complex, and the role of culture is definitely not zero.
It must be also mentioned that many sex differences are not rigid and
resistant to change. They are affected by numerous factors interacting
over time, including socialization by parents, siblings, and teachers as
well as education, lifestyle, environmental factors, and self-socialization
based on an individual’s understanding of sex and gender. But the whole
story cannot be explained without taking the biologically affected sex
differences into consideration, the emphasis of which is the main task of
this review. The biological differences originating from different genes
on the sex chromosomes, together with hormonal influences prenatally,
during mini-puberty or adolescence cannot be disregarded. The period
of mini-puberty is particularly of interest and can bring more light to this
topic in the future. The understanding of the biologically determined
variability between males and females can have important implications.
To give a complex overview of the sex differences, we discussed not only
the differences in the human brain, emphasizing the developmental,
behavioral, emotional, and cognitive differences between males and
females but also sex-specific differences in somatic illnesses. The
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biologically programmed sex differences between males and females
affect the epidemiology, manifestation, pathophysiology of many
widespread diseases, and the approach to health care. The knowledge of
these differences has crucial clinical implications. Gender-specific
health care, prevention, management, and treatment of many common
diseases should reflect the most obvious and most important risk factors
for the patient: sex and gender. This still remains underestimated and a
challenge for the future [1,153,165]. There is a limited amount of papers
that bring a complex summary of the sex differences in the physiology
and pathophysiology of the brain and other somatic systems of our body.
We would like to point out that sex cannot be ignored as a possible
covariate in various domains and those we mentioned. However, the
findings on sex differences need caution in the interpretation. It would
also be incorrect to doubt the role of the social environment and other
types of influences not discussed here. We are aware of the fact that
under certain circumstances sex differences in adult neural structure or
function could be shaped through experience, practice, and neural
plasticity. Research on sex differences cannot be complete without
consideration of both genetic/hormonal and social influences that fuels
the development via complex nature-nurture interactions.

Funding

This work was supported by the Slovak Research and Development
Agency (APVV-20-0070, APVV-20-0114) and by Slovak Research and
Grant Agency (VEGA 1/0068/21).

Data Availability Statement
Not Applicable
Supplementary materials
Not applicable
CRediT authorship contribution statement

Ivan Szadvari: Writing — original draft, Writing — review & editing.
Daniela Ostatnikova: Funding acquisition, Writing — review & editing.
Jaroslava Babkova Durdiakova: Writing — original draft, Writing —
review & editing.

Declaration of Competing Interest

The authors declare that they have no competing interests.
Acknowledgments

Not Applicable

References

[1] C Reale, F Invernizzi, C Panteghini, B. Garavaglia, Genetics, sex, and gender,

J. Neurosci. Res. (2021), https://doi.org/10.1002/jnr.24945. Published online

September 9.

LR Cortes, CD Cisternas, NG Forger, Does gender leave an epigenetic imprint on

the brain? Front. Neurosci. 13 (2019) 173, https://doi.org/10.3389/

fnins.2019.00173.

[3] F. Piferrer, Epigenetics of sex determination and gonadogenesis, Develop. Dynam.

242 (4) (2013) 360-370, https://doi.org/10.1002/dvdy.23924.

Z Kaminsky, S Wang, A. Petronis, Complex disease, gender and epigenetics,

Annals Medic. 38 (8) (2006) 530-544, https://doi.org/10.1080/

07853890600989211.

[5] ICG Weaver, N Cervoni, FA Champagne, et al., Epigenetic programming by
maternal behavior, Nat. Neurosci. 7 (8) (2004) 847-854, https://doi.org/
10.1038/nn1276.

[6] MA Hofman, DF. Swaab, The sexually dimorphic nucleus of the preoptic area in

the human brain: a comparative morphometric study, J. Anat. 164 (1989) 55-72.

EC Davis, JE Shryne, RA. Gorski, Structural sexual dimorphisms in the

anteroventral periventricular nucleus of the rat hypothalamus are sensitive to

[2

[4

[7


https://doi.org/10.1002/jnr.24945
https://doi.org/10.3389/fnins.2019.00173
https://doi.org/10.3389/fnins.2019.00173
https://doi.org/10.1002/dvdy.23924
https://doi.org/10.1080/07853890600989211
https://doi.org/10.1080/07853890600989211
https://doi.org/10.1038/nn1276
https://doi.org/10.1038/nn1276
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0006
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0006

L. Szadvari et al.

[8]

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

gonadal steroids perinatally, but develop peripubertally, Neuroendocrinology 63
(2) (1996) 142-148, https://doi.org/10.1159/000126950.

NG. Forger, Cell death and sexual differentiation of the nervous system,
Neuroscience 138 (3) (2006) 929-938, https://doi.org/10.1016/j.
neuroscience.2005.07.006.

SJ Ritchie, SR Cox, X Shen, et al., Sex differences in the adult human brain:
evidence from 5216 UK biobank participants, Cereb. Cortex 28 (8) (2018)
2959-2975, https://doi.org/10.1093/cercor/bhy109.

MM McCarthy, LA Pickett, JW VanRyzin, KE. Kight, Surprising origins of sex
differences in the brain, Horm. Behav. 76 (2015) 3-10, https://doi.org/10.1016/
j.yhbeh.2015.04.013.

D Joel, Z Berman, I Tavor, et al., Sex beyond the genitalia: The human brain
mosaic, Proc. Natl. Acad. Sci. USA. 112 (50) (2015) 15468, https://doi.org/
10.1073/pnas.1509654112.

M Ingalhalikar, A Smith, D Parker, et al., Sex differences in the structural
connectome of the human brain, PNAS 111 (2) (2014) 823-828, https://doi.org/
10.1073/pnas.1316909110.

SF Witelson, RS. Nowakowski, Left out axons make men right: A hypothesis for
the origin of handedness and functional asymmetry, Neuropsychologia 29 (4)
(1991) 327-333, https://doi.org/10.1016,/0028-3932(91)90046-B.

CH. Phoenix, Organizing action of prenatally administered testosterone
propionate on the tissues mediating mating behavior in the female guinea pig,
Horm. Behav. 55 (5) (2009) 566, https://doi.org/10.1016/j.yhbeh.2009.01.004.
LR Chura, MV Lombardo, E Ashwin, et al., Organizational effects of fetal
testosterone on human corpus callosum size and asymmetry,
Psychoneuroendocrinology 35 (1) (2010) 122-132, https://doi.org/10.1016/j.
psyneuen.2009.09.009.

D Jacobson, J Csernus, E Shryne, A. Gorsk, Agonadalgraft in the neonatalraton
the volumeof the sexually dimorphic nucleus of the preoptic area, J. Neurosci. 1
(10) (1981) 6.

RA Gorski, JH Gordon, JE Shryne, AM. Southam, Evidence for a morphological
sex difference within the medial preoptic area of the rat brain, Brain Res. 148 (2)
(1978) 333-346, https://doi.org/10.1016/0006-8993(78)90723-0.

J Juarez, M Corsi-Cabrera, I. del Rio-Portilla, Effects of prenatal testosterone
treatment on sex differences in the EEG activity of the rat, Brain Res. 694 (1)
(1995) 21-28, https://doi.org/10.1016,/0006-8993(95)00725-6.

R Christine Knickmeyer, S Baron-Cohen, Fetal testosterone and sex differences,
Early Human Develop. 82 (12) (2006) 755-760, https://doi.org/10.1016/j.
earlhumdev.2006.09.014.

H Premachandran, M Zhao, M. Arruda-Carvalho, Sex differences in the
development of the rodent corticolimbic system, Front. Neurosci. 14 (2020),
583477, https://doi.org/10.3389/fnins.2020.583477.

DG Zuloaga, AL Heck, RM De Guzman, RJ. Handa, Roles for androgens in
mediating the sex differences of neuroendocrine and behavioral stress responses,
Biol. Sex Differ. 11 (2020) 44, https://doi.org/10.1186/513293-020-00319-2.
M Pillerova, V Borbélyova, J Hodosy, et al., On the role of sex steroids in
biological functions by classical and non-classical pathways. An update, Front.
Neuroendocrinol. 62 (2021), 100926, https://doi.org/10.1016/j.
yfrne.2021.100926.

BA Shaywitz, SE Shaywitz, KR Pugh, et al., Sex differences in the functional
organization of the brain for language, Nature 373 (6515) (1995) 607-609,
https://doi.org/10.1038/373607a0.

M. Hines, Neuroscience and sex/gender: looking back and forward, J. Neurosci.
40 (1) (2020) 37-43, https://doi.org/10.1523/INEUROSCL.0750-19.2019.

JM Bowers, J Waddell, MM. McCarthy, A developmental sex difference in
hippocampal neurogenesis is mediated by endogenous oestradiol, Biol Sex Differ
1 (1) (2010) 8, https://doi.org/10.1186/2042-6410-1-8.

RS Erzurumlu, P. Gaspar, Development and critical period plasticity of the barrel
cortex, Eur. J. Neurosci. 35 (10) (2012) 1540-1553, https://doi.org/10.1111/
j.1460-9568.2012.08075.x.

MM McCarthy, HR Besmer, SC Jacobs, GM Keidan, RB. Gibbs, Influence of
maternal grooming, sex and age on Fos immunoreactivity in the preoptic area of
neonatal rats: implications for sexual differentiation, Dev. Neurosci. 19 (6) (1997)
488-496, https://doi.org/10.1159/000111246.

MM. McCarthy, Estradiol and the developing brain, Physiol. Rev. 88 (1) (2008)
91-124, https://doi.org/10.1152/physrev.00010.2007.

CL Wright, SR Burks, MM. McCarthy, Identification of prostaglandin E2 receptors
mediating perinatal masculinization of adult sex behavior and neuroanatomical
correlates, Dev. Neurobiol. 68 (12) (2008) 1406-1419, https://doi.org/10.1002/
dneu.20665.

MM McCarthy, K Herold, SL Stockman, Fast, furious and enduring: sensitive
versus critical periods in sexual differentiation of the brain, Physiol. Behav. 187
(2018) 13-19, https://doi.org/10.1016/j.physbeh.2017.10.030.

ML Collaer, M. Hines, Human behavioral sex differences: a role for gonadal
hormones during early development? Psychol. Bull. 118 (1) (1995) 55-107,
https://doi.org/10.1037/0033-2909.118.1.55.

JA Finegan, B Bartleman, PY. Wong, A window for the study of prenatal sex
hormone influences on postnatal development, J. Genet. Psychol. 150 (1) (1989)
101-112, https://doi.org/10.1080/00221325.1989.9914580.

PB Connolly, JV Choate, JA. Resko, Effects of exogenous androgen on brain
androgen receptors of the fetal rhesus monkey, Neuroendocrinology 59 (3)
(1994) 271-276, https://doi.org/10.1159/000126668.

Mrazik M, Dombrowski SC. The neurobiological foundations of giftedness the
neurobiological foundations of giftedness. Published online 2010.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Physiology & Behavior 259 (2023) 114038

K. Wallen, Hormonal influences on sexually differentiated behavior in nonhuman
primates, Front. Neuroendocrinol. 26 (1) (2005) 7-26, https://doi.org/10.1016/
j.yfrne.2005.02.001.

RC Knickmeyer, S. Baron-Cohen, Fetal testosterone and sex differences in typical
social development and in autism, J. Child Neurol. 21 (10) (2006) 825-845,
https://doi.org/10.1177,/08830738060210101601.

S Deoni, D Dean, J Remer, H Dirks, J O’Muircheartaigh, Cortical maturation and
myelination in healthy toddlers and young children, Neuroimage (2015), https://
doi.org/10.1016/j.neuroimage.2015.04.058. Published online.

L Lanciotti, M Cofini, A Leonardi, L Penta, S. Esposito, Up-to-date review about
minipuberty and overview on hypothalamic-pituitary-gonadal axis activation in
fetal and neonatal life, Front. Endocrinol. (Lausanne) 9 (2018) 410, https://doi.
org/10.3389/fendo0.2018.00410.

RA Herman, B Jones, DR Mann, K. Wallen, Timing of prenatal androgen exposure:
anatomical and endocrine effects on juvenile male and female rhesus monkeys,
Horm. Behav. 38 (1) (2000) 52-66, https://doi.org/10.1006/hbeh.2000.1608.
F Courant, L Aksglaede, JP Antignac, et al., Assessment of circulating sex steroid
levels in prepubertal and pubertal boys and girls by a novel ultrasensitive gas
chromatography-tandem mass spectrometry method, J. Clin. Endocrinol. Metab.
95 (1) (2010) 82-92, https://doi.org/10.1210/jc.2009-1140.

S Neufang, K Specht, M Hausmann, et al., Sex differences and the impact of
steroid hormones on the developing human brain, Cereb. Cortex 19 (2) (2009)
464-473, https://doi.org/10.1093/cercor/bhn100.

JS Peper, RM Brouwer, HG Schnack, et al., Sex steroids and brain structure in
pubertal boys and girls, Psychoneuroendocrinology 34 (3) (2009) 332-342,
https://doi.org/10.1016/j.psyneuen.2008.09.012.

TV Nguyen, J Lew, MD Albaugh, et al., Sex-specific associations of testosterone
with prefrontal-hippocampal development and executive function,
Psychoneuroendocrinology 76 (2017) 206-217, https://doi.org/10.1016/j.
psyneuen.2016.12.005.

C Laube, W van den Bos, Y. Fandakova, The relationship between pubertal
hormones and brain plasticity: Implications for cognitive training in adolescence,
Dev Cogn Neurosci 42 (2020), 100753, https://doi.org/10.1016/j.
dcen.2020.100753.

EI Ahmed, JL Zehr, KM Schulz, BH Lorenz, LL DonCarlos, CL. Sisk, Pubertal
hormones modulate the addition of new cells to sexually dimorphic brain regions,
Nat. Neurosci. 11 (9) (2008) 995-997, https://doi.org/10.1038/nn.2178.

J. Frisén, Neurogenesis and gliogenesis in nervous system plasticity and repair,
Annu. Rev. Cell Dev. Biol. 32 (2016) 127-141, https://doi.org/10.1146/annurev-
cellbio-111315-124953.

AB Losecaat Vermeer, I Riecansky, C Eisenegger, Competition, testosterone, and
adult neurobehavioral plasticity, Prog. Brain Res. 229 (2016) 213-238, https://
doi.org/10.1016/bs.pbr.2016.05.004.

G Fink, BE Sumner, JK McQueen, H Wilson, R Rosie, Sex steroid control of mood,
mental state and memory, Clin. Exp. Pharmacol. Physiol. 25 (10) (1998)
764-775, https://doi.org/10.1111/j.1440-1681.1998.tb02151.x.

J Durdiakovd, S Lakatosova, A Kubranskd, et al., Mental rotation in intellectually
gifted boys is affected by the androgen receptor CAG repeat polymorphism,
Neuropsychologia 51 (9) (2013) 1693-1698, https://doi.org/10.1016/j.
neuropsychologia.2013.05.016.

J Durdiakovd, P Celec, J Laznibatova, et al., Differences in salivary testosterone,
digit ratio and empathy between intellectually gifted and control boys,
Intelligence 48 (2015) 76-84, https://doi.org/10.1016/j.intell.2014.11.002.

D Gamsakhurdashvili, MI Antov, KT Liibke, BM Pause, U. Stockhorst, The role of
olfaction and sex-hormone status in empathy-related measures, Physiol. Behav.
230 (2021), 113289, https://doi.org/10.1016/j.physbeh.2020.113289.

DS Courvoisier, O Renaud, C Geiser, K Paschke, K Gaudy, K. Jordan, Sex
hormones and mental rotation: An intensive longitudinal investigation, Horm.
Behav. 63 (2) (2013) 345-351, https://doi.org/10.1016/j.yhbeh.2012.12.007.
JM Hassett, ER Siebert, K. Wallen, Sex differences in rhesus monkey toy
preferences parallel those of children, Horm. Behav. 54 (3) (2008) 359-364,
https://doi.org/10.1016/j.yhbeh.2008.03.008.

JTM Davis, M. Hines, How large are gender differences in toy preferences? A
systematic review and meta-analysis of toy preference research, Arch. Sex. Behav.
49 (2) (2020) 373-394, https://doi.org/10.1007/s10508-019-01624-7.

B Auyeung, S Baron-Cohen, E Ashwin, R Knickmeyer, K Taylor, G. Hackett, Fetal
testosterone and autistic traits, Br. J. Psychol. 100 (1) (2009) 1-22, https://doi.
org/10.1348/000712608x311731.

M Hines, S Golombok, J Rust, KJ Johnston, J Golding, Avon longitudinal study of
parents and children study team. Testosterone during pregnancy and gender role
behavior of preschool children: a longitudinal, population study, Child Dev. 73
(6) (2002) 1678-1687, https://doi.org/10.1111/1467-8624.00498.

RA Herman, MA Measday, K. Wallen, Sex differences in interest in infants in
juvenile rhesus monkeys: Relationship to prenatal androgen, Horm. Behav. 43 (5)
(2003) 573-583, https://doi.org/10.1016,/50018-506X(03)00067-9.

K. Wallen, Nature needs nurture: the interaction of hormonal and social
influences on the development of behavioral sex differences in rhesus monkeys,
Horm. Behav. 30 (4) (1996) 364-378, https://doi.org/10.1006/hbeh.1996.0042.
GM Alexander, M. Hines, Sex differences in response to children’s toys in
nonhuman primates (Cercopithecus aethiops sabaeus), Evolut. Hum. Behav. 23
(6) (2002) 467-479, https://doi.org/10.1016/51090-5138(02)00107-1.

J Lovejoy, K. Wallen, Sexually dimorphic behavior in group-housed rhesus
monkeys (Macaca mulatta) at 1 year of age, Psychobiology 16 (4) (1988)
348-356, https://doi.org/10.3758/BF03327332.


https://doi.org/10.1159/000126950
https://doi.org/10.1016/j.neuroscience.2005.07.006
https://doi.org/10.1016/j.neuroscience.2005.07.006
https://doi.org/10.1093/cercor/bhy109
https://doi.org/10.1016/j.yhbeh.2015.04.013
https://doi.org/10.1016/j.yhbeh.2015.04.013
https://doi.org/10.1073/pnas.1509654112
https://doi.org/10.1073/pnas.1509654112
https://doi.org/10.1073/pnas.1316909110
https://doi.org/10.1073/pnas.1316909110
https://doi.org/10.1016/0028-3932(91)90046-B
https://doi.org/10.1016/j.yhbeh.2009.01.004
https://doi.org/10.1016/j.psyneuen.2009.09.009
https://doi.org/10.1016/j.psyneuen.2009.09.009
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0016
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0016
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0016
https://doi.org/10.1016/0006-8993(78)90723-0
https://doi.org/10.1016/0006-8993(95)00725-6
https://doi.org/10.1016/j.earlhumdev.2006.09.014
https://doi.org/10.1016/j.earlhumdev.2006.09.014
https://doi.org/10.3389/fnins.2020.583477
https://doi.org/10.1186/s13293-020-00319-2
https://doi.org/10.1016/j.yfrne.2021.100926
https://doi.org/10.1016/j.yfrne.2021.100926
https://doi.org/10.1038/373607a0
https://doi.org/10.1523/JNEUROSCI.0750-19.2019
https://doi.org/10.1186/2042-6410-1-8
https://doi.org/10.1111/j.1460-9568.2012.08075.x
https://doi.org/10.1111/j.1460-9568.2012.08075.x
https://doi.org/10.1159/000111246
https://doi.org/10.1152/physrev.00010.2007
https://doi.org/10.1002/dneu.20665
https://doi.org/10.1002/dneu.20665
https://doi.org/10.1016/j.physbeh.2017.10.030
https://doi.org/10.1037/0033-2909.118.1.55
https://doi.org/10.1080/00221325.1989.9914580
https://doi.org/10.1159/000126668
https://doi.org/10.1016/j.yfrne.2005.02.001
https://doi.org/10.1016/j.yfrne.2005.02.001
https://doi.org/10.1177/08830738060210101601
https://doi.org/10.1016/j.neuroimage.2015.04.058
https://doi.org/10.1016/j.neuroimage.2015.04.058
https://doi.org/10.3389/fendo.2018.00410
https://doi.org/10.3389/fendo.2018.00410
https://doi.org/10.1006/hbeh.2000.1608
https://doi.org/10.1210/jc.2009-1140
https://doi.org/10.1093/cercor/bhn100
https://doi.org/10.1016/j.psyneuen.2008.09.012
https://doi.org/10.1016/j.psyneuen.2016.12.005
https://doi.org/10.1016/j.psyneuen.2016.12.005
https://doi.org/10.1016/j.dcn.2020.100753
https://doi.org/10.1016/j.dcn.2020.100753
https://doi.org/10.1038/nn.2178
https://doi.org/10.1146/annurev-cellbio-111315-124953
https://doi.org/10.1146/annurev-cellbio-111315-124953
https://doi.org/10.1016/bs.pbr.2016.05.004
https://doi.org/10.1016/bs.pbr.2016.05.004
https://doi.org/10.1111/j.1440-1681.1998.tb02151.x
https://doi.org/10.1016/j.neuropsychologia.2013.05.016
https://doi.org/10.1016/j.neuropsychologia.2013.05.016
https://doi.org/10.1016/j.intell.2014.11.002
https://doi.org/10.1016/j.physbeh.2020.113289
https://doi.org/10.1016/j.yhbeh.2012.12.007
https://doi.org/10.1016/j.yhbeh.2008.03.008
https://doi.org/10.1007/s10508-019-01624-7
https://doi.org/10.1348/000712608&times;311731
https://doi.org/10.1348/000712608&times;311731
https://doi.org/10.1111/1467-8624.00498
https://doi.org/10.1016/S0018-506X(03)00067-9
https://doi.org/10.1006/hbeh.1996.0042
https://doi.org/10.1016/S1090-5138(02)00107-1
https://doi.org/10.3758/BF03327332

L. Szadvari et al.

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

EV. Brown, Developmental characteristics of figure drawings made by boys and
girls ages five through eleven, Percept. Mot. Skills 70 (1) (1990) 279-288,
https://doi.org/10.2466,/pms.1990.70.1.279.

C. Lange-Kiittner, Sex differences in visual realism in drawings of animate and
inanimate objects, Percept. Mot. Skills 113 (2) (2011) 439-453, https://doi.org/
10.2466/04.10.24.PMS.113.5.439-453.

M lijima, O Arisaka, F Minamoto, Y. Arai, Sex differences in children’s free
drawings: a study on girls with congenital adrenal hyperplasia, Horm. Behav. 40
(2) (2001) 99-104, https://doi.org/10.1006/hbeh.2001.1670.

PC Quinn, LS. Liben, A sex difference in mental rotation in young infants, Psychol.
Sci. 19 (11) (2008) 1067-1070, https://doi.org/10.1111/j.1467-
9280.2008.02201.x.

DS Moore, SP. Johnson, Mental rotation of dynamic, three-dimensional stimuli by
3-month-old infants, Infancy 16 (4) (2011) 435-445, https://doi.org/10.1111/
j.1532-7078.2010.00058.x.

JE Lauer, HB Udelson, SO Jeon, SF. Lourenco, An early sex difference in the
relation between mental rotation and object preference, Front. Psychol. 6 (2015)
558, https://doi.org/10.3389/fpsyg.2015.00558.

PC Quinn, LS. Liben, A Sex difference in mental rotation in infants: convergent
evidence, Infancy 19 (1) (2014) 103-116, https://doi.org/10.1111/infa.12033.
SP Johnson, DS. Moore, Spatial thinking in infancy: origins and development of
mental rotation between 3 and 10 months of age, Cogn. Res. Princ. Implic. 5 (1)
(2020) 10, https://doi.org/10.1186/s41235-020-00212-x.

W Sommer, A Hildebrandt, O Kunina-Habenicht, A Schacht, O. Wilhelm, Sex
differences in face cognition, Acta Psychol. (Amst) 142 (1) (2013) 62-73, https://
doi.org/10.1016/j.actpsy.2012.11.001.

C Lewin, A. Herlitz, Sex differences in face recognition-women’s faces make the
difference, Brain Cogn. 50 (1) (2002) 121-128, https://doi.org/10.1016/50278-
2626(02)00016-7.

D Voyer, S Voyer, MP. Bryden, Magnitude of sex differences in spatial abilities: A
meta-analysis and consideration of critical variables, Psychol. Bull. 117 (2)
(1995) 250-270, https://doi.org/10.1037/0033-2909.117.2.250.

G Jager, A. Postma, On the hemispheric specialization for categorical and
coordinate spatial relations: a review of the current evidence, Neuropsychologia
41 (4) (2003) 504-515, https://doi.org/10.1016/50028-3932(02)00086-6.

L Palermo, L Piccardi, R Nori, F Giusberti, C. Guariglia, The roles of categorical
and coordinate spatial relations in recognizing buildings, Atten. Percept.
Psychophys. 74 (8) (2012) 1732-1741, https://doi.org/10.3758/s13414-012-
0353-5.

Kosslyn SM, Thompson AL, Gitelman DR. Neural systems that encode categorical
versus coordinate spatial relations: PET investigations. 15.

K Hugdahl, T Thomsen, L. Ersland, Sex differences in visuo-spatial processing: an
fMRI study of mental rotation, Neuropsychologia 44 (9) (2006) 1575-1583,
https://doi.org/10.1016/j.neuropsychologia.2006.01.026.

JT Sneider, DA Hamilton, JE Cohen-Gilbert, DJ Crowley, IM Rosso, MM. Silveri,
Sex differences in spatial navigation and perception in human adolescents and
emerging adults, Behav. Processes. 111 (2015) 42-50, https://doi.org/10.1016/j.
beproc.2014.11.015.

DG Woolley, B Vermaercke, H Op de Beeck, et al., Sex differences in human
virtual water maze performance: novel measures reveal the relative contribution
of directional responding and spatial knowledge, Behav. Brain Res. 208 (2)
(2010) 408-414, https://doi.org/10.1016/j.bbr.2009.12.019.

AM Clements-Stephens, SL Rimrodt, LE. Cutting, Developmental sex differences
in basic visuospatial processing: Differences in strategy use? Neurosci. Lett. 449
(3) (2009) 155-160, https://doi.org/10.1016/j.neulet.2008.10.094.

K Jordan, T Wiistenberg, HJ Heinze, M Peters, L. Jancke, Women and men exhibit
different cortical activation patterns during mental rotation tasks,
Neuropsychologia 40 (13) (2002) 2397-2408, https://doi.org/10.1016/s002.8-
3932(02)00076-3.

E Weiss, CM Siedentopf, A Hofer, et al., Sex differences in brain activation pattern
during a visuospatial cognitive task: a functional magnetic resonance imaging
study in healthy volunteers, Neurosci. Lett. 344 (3) (2003) 169-172, https://doi.
org/10.1016,/50304-3940(03)00406-3.

NM Else-Quest, JS Hyde, MC. Linn, Cross-national patterns of gender differences
in mathematics: a meta-analysis, Psychol. Bull. 136 (1) (2010) 103-127, https://
doi.org/10.1037/a0018053.

M Kyttalda, PM. Bjorn, Mathematics performance profiles and relation to math
avoidance in adolescence: the role of literacy skills, general cognitive ability and
math anxiety, Scandinav. J. Educat. Res. 0 (0) (2021) 1-16, https://doi.org/
10.1080/00313831.2021.1983645.

A Baye, C. Monseur, Gender differences in variability and extreme scores in an
international context, Large-Scale Assess. Educ. 4 (1) (2016) 1, https://doi.org/
10.1186/540536-015-0015-x.

S Adani, M. Cepanec, Sex differences in early communication development:
behavioral and neurobiological indicators of more vulnerable communication
system development in boys, Croat. Med. J. 60 (2) (2019) 141-149.

M Carpenter, K Nagell, M. Tomasello, Social cognition, joint attention, and
communicative competence from 9 to 15 months of age, Monogr. Soc. Res. Child
Dev. 63 (4) (1998) 1-143, i-vi.

R Halari, T Sharma, M Hines, C Andrew, A Simmons, V. Kumari, Comparable
fMRI activity with differential behavioural performance on mental rotation and
overt verbal fluency tasks in healthy men and women, Exp. Brain Res. 169 (1)
(2006) 1-14, https://doi.org/10.1007/500221-005-0118-7.

OC Schultheiss, MG Kollner, H Busch, J. Hofer, Evidence for a robust, estradiol-
associated sex difference in narrative-writing fluency™: Correction,
Neuropsychology 35 (8) (2021) 904, https://doi.org/10.1037/neu0000762.

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

Physiology & Behavior 259 (2023) 114038

JS. Hyde, The gender similarities hypothesis, American Psychol. 60 (6) (2005)
581-592, https://doi.org/10.1037/0003-066X.60.6.581.

R Colom, MJ Contreras, I Arend, OG Leal, J. Santacreu, Sex differences in verbal
reasoning are mediated by sex differences in spatial ability, Psychol. Rec. 54 (3)
(2004) 365-372, https://doi.org/10.1007/BF03395479.

L Liutsko, R Muinos, JM Tous Ral, MJ Contreras, Fine motor precision tasks: sex
differences in performance with and without visual guidance across different age
groups, Behav. Sci. (Basel) 10 (1) (2020) 36, https://doi.org/10.3390/
bs10010036.

L Liutsko, R Muinos, JM. Tous-Ral, Age-related differences in proprioceptive and
visuo-proprioceptive function in relation to fine motor behaviour, Eur. J. Ageing
11 (3) (2014) 221-232, https://doi.org/10.1007/s10433-013-0304-6.

DP Schmitt, A Realo, M Voracek, J. Allik, Why can’t a man be more like a
woman? Sex differences in Big Five personality traits across 55 cultures, J. Pers.
Soc. Psychol. 94 (1) (2008) 168-182, https://doi.org/10.1037/0022-
3514.94.1.168.

JS Hyde, E Fennema, SJ. Lamon, Gender differences in mathematics performance:
a meta-analysis, Psychol. Bull. 107 (2) (1990) 139-155, https://doi.org/10.1037/
0033-2909.107.2.139.

W Johnson, A Carothers, 1J. Deary, Sex differences in variability in general
intelligence: a new look at the old question, Perspect. Psychol. Sci. 3 (6) (2008)
518-531, https://doi.org/10.1111/j.1745-6924.2008.00096.x.

HJ Kell, D Lubinski, CP Benbow, JH. Steiger, Creativity and technical innovation:
spatial ability’s unique role, Psychol. Sci. 24 (9) (2013) 1831-1836, https://doi.
org/10.1177/0956797613478615.

KO McCabe, D Lubinski, CP. Benbow, Who shines most among the brightest?: A
25-year longitudinal study of elite STEM graduate students, J. Pers. Soc. Psychol.
119 (2) (2020) 390-416, https://doi.org/10.1037/pspp0000239.

DD Kerkman, JC Wise, EA. Harwood, Impossible “mental rotation” problems: A
mismeasure of women’s spatial abilities? Learn. Individ. Diff. 12 (3) (2000)
253-269, https://doi.org/10.1016/51041-6080(01)00039-5.

D Lubinski, CP Benbow, DL Shea, H Eftekhari-Sanjani, MB. Halvorson, Men and
women at promise for scientific excellence: similarity not dissimilarity, Psychol.
Sci. 12 (4) (2001) 309-317, https://doi.org/10.1111/1467-9280.00357.

J Wai, M Putallaz, MC. Makel, Studying intellectual outliers: are there sex
differences, and are the smart getting smarter? Curr. Dir. Psychol. Sci. 21 (6)
(2012) 382-390, https://doi.org/10.1177/0963721412455052.

AM. Proverbio, Sex differences in the social brain and in social cognition,

J. Neurosci. Res. (2021), https://doi.org/10.1002/jnr.24787. Published online
February 20.

S Baez, D Flichtentrei, M Prats, et al., Men, women...who cares? A population-
based study on sex differences and gender roles in empathy and moral cognition,
PLoS One 12 (6) (2017), e0179336, https://doi.org/10.1371/journal.
pone.0179336.

L Christov-Moore, EA Simpson, G Coudé, K Grigaityte, M Iacoboni, PF. Ferrari,
Empathy: gender effects in brain and behavior, Neurosci. Biobehav. Rev. 46 (Pt 4)
(2014) 604-627, https://doi.org/10.1016/j.neubiorev.2014.09.001.

Y Paz, M Davidov, T Orlitsky, R Roth-Hanania, C. Zahn-Waxler, Developmental
trajectories of empathic concern in infancy and their links to social competence in
early childhood, J. Child Psychol. Psychiatry (2021), https://doi.org/10.1111/
jepp.13516. Published online September 7.

Y Paz, T Orlitsky, R Roth-Hanania, C Zahn-Waxler, M. Davidov, Predicting
externalizing behavior in toddlerhood from early individual differences in
empathy, J. Child Psychol. Psychiatry 62 (1) (2021) 66-74, https://doi.org/
10.1111/jcpp.13247.

CC Eckel, PJ. Grossman, Chapter 113 Men, women and risk aversion:
experimental evidence, in: Handbook of Experimental Economics Results, 1,
Elsevier, 2008, pp. 1061-1073, https://doi.org/10.1016/51574-0722(07)00113-
8.

M Schulte-Riither, HJ Markowitsch, NJ Shah, GR Fink, M. Piefke, Gender
differences in brain networks supporting empathy, Neuroimage 42 (1) (2008)
393-403, https://doi.org/10.1016/j.neuroimage.2008.04.180.

M Hines, V Pasterski, D Spencer, et al., Prenatal androgen exposure alters girls’
responses to information indicating gender-appropriate behaviour, Philos. Trans.
R. Soc. Lond. B Biol. Sci. 371 (1688) (2016), 20150125, https://doi.org/10.1098/
rstb.2015.0125.

GG. Fein, Pretend play in childhood: an integrative review, Child Develop. 52 (4)
(1981) 1095-1118, https://doi.org/10.2307/1129497.

CR. Pryce, Determinants of motherhood in human and nonhuman primates,
Motherhood Hum. Nonhuman Primates: Biosoc. Determin. (1995) 1-15, https://
doi.org/10.1159/000424482. Published online.

D. Maestripieri, Social structure, infant handling, and mothering styles in group-
living old world monkeys, Int. J. Primatol. 15 (4) (1994) 531-553, https://doi.
org/10.1007/BF02735970.

DJ Langford, AH Tuttle, K Brown, et al., Social approach to pain in laboratory
mice, Soc. Neurosci. 5 (2) (2010) 163-170, https://doi.org/10.1080/
17470910903216609.

1 Ben-Ami Bartal, J Decety, P Mason, Empathy and pro-social behavior in rats,
Science 334 (6061) (2011) 1427-1430, https://doi.org/10.1126/
science.1210789.

G Cordoni, E Palagi, SB. Tarli, Reconciliation and consolation in captive western
gorillas, Int. J. Primatol. 27 (5) (2006) 1365-1382, https://doi.org/10.1007/
5s10764-006-9078-4.

EL Moller, M Majdandzi¢, W de Vente, SM. Bogels, The evolutionary basis of sex
differences in parenting and its relationship with child anxiety in western


https://doi.org/10.2466/pms.1990.70.1.279
https://doi.org/10.2466/04.10.24.PMS.113.5.439-453
https://doi.org/10.2466/04.10.24.PMS.113.5.439-453
https://doi.org/10.1006/hbeh.2001.1670
https://doi.org/10.1111/j.1467-9280.2008.02201.x
https://doi.org/10.1111/j.1467-9280.2008.02201.x
https://doi.org/10.1111/j.1532-7078.2010.00058.x
https://doi.org/10.1111/j.1532-7078.2010.00058.x
https://doi.org/10.3389/fpsyg.2015.00558
https://doi.org/10.1111/infa.12033
https://doi.org/10.1186/s41235-020-00212-x
https://doi.org/10.1016/j.actpsy.2012.11.001
https://doi.org/10.1016/j.actpsy.2012.11.001
https://doi.org/10.1016/s0278-2626(02)00016-7
https://doi.org/10.1016/s0278-2626(02)00016-7
https://doi.org/10.1037/0033-2909.117.2.250
https://doi.org/10.1016/S0028-3932(02)00086-6
https://doi.org/10.3758/s13414-012-0353-5
https://doi.org/10.3758/s13414-012-0353-5
https://doi.org/10.1016/j.neuropsychologia.2006.01.026
https://doi.org/10.1016/j.beproc.2014.11.015
https://doi.org/10.1016/j.beproc.2014.11.015
https://doi.org/10.1016/j.bbr.2009.12.019
https://doi.org/10.1016/j.neulet.2008.10.094
https://doi.org/10.1016/s0028-3932(02)00076-3
https://doi.org/10.1016/s0028-3932(02)00076-3
https://doi.org/10.1016/s0304-3940(03)00406-3
https://doi.org/10.1016/s0304-3940(03)00406-3
https://doi.org/10.1037/a0018053
https://doi.org/10.1037/a0018053
https://doi.org/10.1080/00313831.2021.1983645
https://doi.org/10.1080/00313831.2021.1983645
https://doi.org/10.1186/s40536-015-0015-x
https://doi.org/10.1186/s40536-015-0015-x
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0084
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0084
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0084
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0085
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0085
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0085
https://doi.org/10.1007/s00221-005-0118-7
https://doi.org/10.1037/neu0000762
https://doi.org/10.1037/0003-066X.60.6.581
https://doi.org/10.1007/BF03395479
https://doi.org/10.3390/bs10010036
https://doi.org/10.3390/bs10010036
https://doi.org/10.1007/s10433-013-0304-6
https://doi.org/10.1037/0022-3514.94.1.168
https://doi.org/10.1037/0022-3514.94.1.168
https://doi.org/10.1037/0033-2909.107.2.139
https://doi.org/10.1037/0033-2909.107.2.139
https://doi.org/10.1111/j.1745-6924.2008.00096.x
https://doi.org/10.1177/0956797613478615
https://doi.org/10.1177/0956797613478615
https://doi.org/10.1037/pspp0000239
https://doi.org/10.1016/S1041-6080(01)00039-5
https://doi.org/10.1111/1467-9280.00357
https://doi.org/10.1177/0963721412455052
https://doi.org/10.1002/jnr.24787
https://doi.org/10.1371/journal.pone.0179336
https://doi.org/10.1371/journal.pone.0179336
https://doi.org/10.1016/j.neubiorev.2014.09.001
https://doi.org/10.1111/jcpp.13516
https://doi.org/10.1111/jcpp.13516
https://doi.org/10.1111/jcpp.13247
https://doi.org/10.1111/jcpp.13247
https://doi.org/10.1016/S1574-0722(07)00113-8
https://doi.org/10.1016/S1574-0722(07)00113-8
https://doi.org/10.1016/j.neuroimage.2008.04.180
https://doi.org/10.1098/rstb.2015.0125
https://doi.org/10.1098/rstb.2015.0125
https://doi.org/10.2307/1129497
https://doi.org/10.1159/000424482
https://doi.org/10.1159/000424482
https://doi.org/10.1007/BF02735970
https://doi.org/10.1007/BF02735970
https://doi.org/10.1080/17470910903216609
https://doi.org/10.1080/17470910903216609
https://doi.org/10.1126/science.1210789
https://doi.org/10.1126/science.1210789
https://doi.org/10.1007/s10764-006-9078-4
https://doi.org/10.1007/s10764-006-9078-4

L. Szadvari et al.

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

societies, J. Experim. Psychopathol. 4 (2) (2013) 88-117, https://doi.org/
10.5127/jep.026912.

KR. Browne, Women in Science: Biological Factors Should Not Be Ignored, Social
Science Research Network, 2006. Accessed November 24, 2021, https://papers.ss
rn.com/abstract=877664.

M Van Vugt, D De Cremer, DP. Janssen, Gender differences in cooperation and
competition: the male-warrior hypothesis, Psychol. Sci. 18 (1) (2007) 19-23,
https://doi.org/10.1111/j.1467-9280.2007.01842.x.

J Byrnes, D Miller, W. Schafer, Gender differences in risk taking: a meta-analysis,
Psychol. Bull. 125 (1999) 367-383, https://doi.org/10.1037,/0033-
2909.125.3.367.

J van Honk, A Tuiten, E Hermans, et al., A single administration of testosterone
induces cardiac accelerative responses to angry faces in healthy young women,
Behav. Neurosci. 115 (1) (2001) 238-242, https://doi.org/10.1037/0735-
7044.115.1.238.

FF Youssef, K Dookeeram, V Basdeo, et al., Stress alters personal moral decision
making, Psychoneuroendocrinology 37 (4) (2012) 491-498, https://doi.org/
10.1016/j.psyneuen.2011.07.017.

G Greengross, P Silvia, E. Nusbaum, Sex differences in humor production ability: a
meta-analysis, J. Res. Personal. 84 (2019), 103886, https://doi.org/10.1016/j.
jrp.2019.103886.

E Biskup, J Martinkova, MT. Ferretti, Gender medicine: towards a gender-specific
treatment of neuropsychiatric disorders, Handb. Clin. Neurol. 175 (2020)
437-448, https://doi.org/10.1016/B978-0-444-64123-6.00029-1.

Thompson T, Caruso M, Ellerbeck KA. Sex matters in autism and other
developmental disabilities. Published online 2003. doi:10.1177/
1469004703074003.

R Loomes, L Hull, WPL. Mandy, What is the male-to-female ratio in autism
spectrum disorder? A systematic review and meta-analysis, J. Am. Acad. Child
Adolesc. Psychiatry 56 (6) (2017) 466-474, https://doi.org/10.1016/j.
jaac.2017.03.013.

D Ostatnikovd, S Lakatosovd, J Babkovd, J Hodosy, P. Celec, Testosterone and the
brain: from cognition to autism, Physiol. Res. 69 (Suppl 3) (2020) S403-S419,
https://doi.org/10.33549/physiolres.934592.

S Baron-Cohen, MV Lombardo, B Auyeung, E Ashwin, B Chakrabarti,

R. Knickmeyer, Why are autism spectrum conditions more prevalent in males?
PLoS Biol. 9 (6) (2011), e1001081 https://doi.org/10.1371/journal.
pbio.1001081.

E Navarro-Pardo, F Lopez-Ramon, Y Alonso-Esteban, F. Alcantud-Marin,
Diagnostic tools for autism spectrum disorders by gender: analysis of current
status and future lines, Children (Basel) 8 (4) (2021) 262, https://doi.org/
10.3390/children8040262.

Y Howe, JA O’Rourke, Y Yatchmink, EW Viscidi, RN Jones, EM. Morrow, Female
autism phenotypes investigated at different levels of language and developmental
abilities, J. Autism. Dev. Disord. 45 (11) (2015) 3537-3549, https://doi.org/
10.1007/s10803-015-2501-y.

A Rynkiewicz, B Schuller, E Marchi, et al., An investigation of the ‘female
camouflage effect’ in autism using a computerized ADOS-2 and a test of sex/
gender differences, Mol. Autism. 7 (2016) 10, https://doi.org/10.1186/513229-
016-0073-0.

C Gesi, G Migliarese, S Torriero, et al., Gender differences in misdiagnosis and
delayed diagnosis among adults with autism spectrum disorder with no language
or intellectual disability, Brain Sci. 11 (7) (2021) 912, https://doi.org/10.3390/
brainsci1l1070912.

JB. Becker, Sex differences in addiction, Dialogues Clin. Neurosci. 18 (4) (2016)
395-402.

MC Knouse, LA. Briand, Behavioral sex differences in cocaine and opioid use
disorders: The role of gonadal hormones, Neurosci. Biobehav. Rev. 128 (2021)
358-366, https://doi.org/10.1016/j.neubiorev.2021.06.038.

JJ Anker, ME. Carroll, Females are more vulnerable to drug abuse than males:
evidence from preclinical studies and the role of ovarian hormones, Curr. Top.
Behav. Neurosci. 8 (2011) 73-96, https://doi.org/10.1007/7854_2010_93.

DA Bangasser, A. Cuarenta, Sex differences in anxiety and depression: circuits and
mechanisms, Nat. Rev. Neurosci. 22 (11) (2021) 674-684, https://doi.org/
10.1038/541583-021-00513-0.

P Pinares-Garcia, M Stratikopoulos, A Zagato, H Loke, J. Lee, Sex: a significant
risk factor for neurodevelopmental and neurodegenerative disorders, Brain Sci. 8
(8) (2018) E154, https://doi.org/10.3390/brainsci8080154.

MM. Mielke, Sex and gender differences in Alzheimer’s disease dementia,
Psychiatr. Times 35 (11) (2018) 14-17.

TH McGlashan, KK. Bardenstein, Gender differences in affective, schizoaffective,
and schizophrenic disorders, Schizophr. Bull. 16 (2) (1990) 319-329, https://doi.
org/10.1093/schbul/16.2.319.

RE Gur, RG Petty, BI Turetsky, RC. Gur, Schizophrenia throughout life: sex
differences in severity and profile of symptoms, Schizophr. Res. 21 (1) (1996)
1-12, https://doi.org/10.1016/0920-9964(96)00023-0.

K Irvine, KR Laws, TM Gale, TK. Kondel, Greater cognitive deterioration in
women than men with Alzheimer’s disease: a meta analysis, J. Clin. Exp.
Neuropsychol. 34 (9) (2012) 989-998, https://doi.org/10.1080/
13803395.2012.712676.

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

Physiology & Behavior 259 (2023) 114038

L Migliore, V Nicoli, A. Stoccoro, Gender specific differences in disease
susceptibility: the role of epigenetics, Biomedicines 9 (6) (2021) 652, https://doi.
org/10.3390/biomedicines9060652.

G Baggio, A Corsini, A Floreani, S Giannini, V. Zagonel, Gender medicine: a task
for the third millennium, Clin. Chem. Lab. Med. 51 (4) (2013) 713-727, https://
doi.org/10.1515/cclm-2012-0849.

F Shi, W Zhang, Y Yang, et al., Sex disparities of genomic determinants in
response to immune checkpoint inhibitors in melanoma, Front. Immunol. 12
(2021), 721409, https://doi.org/10.3389/fimmu.2021.721409.

MB Cook, SM Dawsey, ND Freedman, et al., Sex disparities in cancer incidence by
time period and age, Cancer Epidemiol. Biomarkers Prev. 18 (4) (2009)
1174-1182, https://doi.org/10.1158/1055-9965.EPI-08-1118.

RL Siegel, KD Miller, HE Fuchs, A. Jemal, Cancer statistics, 2022, CA: A Cancer J.
Clinic.s 72 (1) (2022) 7-33, https://doi.org/10.3322/caac.21708.

LG vom Steeg, SL. Klein, SeXX matters in infectious disease pathogenesis, PLoS
Pathog. 12 (2) (2016), €1005374, https://doi.org/10.1371/journal.
ppat.1005374.

L Gay, C Melenotte, I Lakbar, et al., Sexual dimorphism and gender in infectious
diseases, Front. Immunol. 12 (2021). Accessed March 17, 2022, https://www.
frontiersin.org/article/10.3389/fimmu.2021.698121.

A Ruggieri, W Malorni, W. Ricciardi, Gender disparity in response to anti-viral
vaccines: new clues toward personalized vaccinology, Italian J. Gender-Specific
Medic. 2 (3) (2016) 93-98.

SL Klein, KL. Flanagan, Sex differences in immune responses, Nat. Rev. Immunol.
16 (10) (2016) 626-638, https://doi.org/10.1038/nri.2016.90.

E Xing, AC Billi, JE. Gudjonsson, Sex bias and autoimmune diseases, J. Invest.
Dermatol. (2021), https://doi.org/10.1016/].jid.2021.06.008. Published online
August 350022-202X(21)01413-5.

L Wang, FS Wang, ME. Gershwin, Human autoimmune diseases: a comprehensive
update, J. Intern. Med. 278 (4) (2015) 369-395, https://doi.org/10.1111/
joim.12395.

GS Cooper, BC. Stroehla, The epidemiology of autoimmune diseases, Autoimmun.
Rev. 2 (3) (2003) 119-125, https://doi.org/10.1016/51568-9972(03)00006-5.
P McDonnell, PE McHugh, D O’Mahoney, Vertebral osteoporosis and trabecular
bone quality, Ann. Biomed. Eng. 35 (2) (2007) 170-189, https://doi.org/
10.1007/510439-006-9239-9.

J Liu, EM Curtis, C Cooper, NC. Harvey, State of the art in osteoporosis risk
assessment and treatment, J. Endocrinol. Invest. 42 (10) (2019) 1149-1164,
https://doi.org/10.1007/s40618-019-01041-6.

G Rinonapoli, C Ruggiero, L. Meccariello, M Bisaccia, P Ceccarini, A. Caraffa,
Osteoporosis in men: A review of an underestimated bone condition, Int. J. Mol.
Sci. 22 (4) (2021) 2105, https://doi.org/10.3390/ijms22042105.

AC Boese, SC Kim, KJ Yin, JP Lee, MH. Hamblin, Sex differences in vascular
physiology and pathophysiology: estrogen and androgen signaling in health and
disease, Am. J. Physiol. Heart Circ. Physiol. 313 (3) (2017) H524-H545, https://
doi.org/10.1152/ajpheart.00217.2016.

RF Gottesman, AE. Hillis, Gender differences in stroke, Principles Gender-Specific
Medic. (2010) 129-135, https://doi.org/10.1016/B978-0-12-374271-1.00011-3.
Published online.

OH Meléndez-Fernandez, JC Walton, AC DeVries, RJ. Nelson, Clocks, rhythms,
sex, and hearts: how disrupted circadian rhythms, time-of-day, and sex influence
cardiovascular health, Biomolecules 11 (6) (2021) 883, https://doi.org/10.3390/
biom11060883.

HM Choi, HC Kim, DR. Kang, Sex differences in hypertension prevalence and
control: Analysis of the 2010-2014 Korea National Health and Nutrition
Examination Survey, PLoS One 12 (5) (2017), e0178334, https://doi.org/
10.1371/journal.pone.0178334.

Z Vasiljevic-Pokrajcic, G Krljanac, R Lasica, et al., Gender disparities on access to
care and coronary disease management, Curr. Pharm. Des. 27 (29) (2021)
3210-3220, https://doi.org/10.2174/1381612827666210406144310.

AS Volgman, EJ Benjamin, AB Curtis, et al., Women and atrial fibrillation,

J. Cardiovasc. Electrophysiol. 32 (10) (2021) 2793-2807, https://doi.org/
10.1111/jce.14838.

1 Zucker, BJ. Prendergast, Sex differences in pharmacokinetics predict adverse
drug reactions in women, Biol. Sex Differ. 11 (2020) 32, https://doi.org/
10.1186/513293-020-00308-5.

O Soldin, D. Mattison, Sex differences in pharmacokinetics and
pharmacodynamics, Clin. Pharmacokinet. 48 (3) (2009) 143-157, https://doi.
org/10.2165,/00003088-200948030-00001.

H Whitley, W. Lindsey, Sex-based differences in drug activity, Am. Fam. Physician
80 (11) (2009) 1254-1258.

C Vitale, M Fini, I Spoletini, M Lainscak, P Seferovic, GM. Rosano, Under-
representation of elderly and women in clinical trials, Int. J. Cardiol. 232 (2017)
216-221, https://doi.org/10.1016/j.ijcard.2017.01.018.

S Watson, O Caster, PA Rochon, H. den Ruijter, Reported adverse drug reactions
in women and men: Aggregated evidence from globally collected individual case
reports during half a century, EClinicalMedicine 17 (2019), 100188, https://doi.
org/10.1016/j.eclinm.2019.10.001.

R Ventura-Clapier, J Piquereau, A Garnier, M Mericskay, C Lemaire, B. Crozatier,
Gender issues in cardiovascular diseases. Focus on energy metabolism, Biochim.
Biophys. Acta Mol. Basis Dis. 1866 (6) (2020), 165722, https://doi.org/10.1016/
j.bbadis.2020.165722.


https://doi.org/10.5127/jep.026912
https://doi.org/10.5127/jep.026912
https://papers.ssrn.com/abstract=877664
https://papers.ssrn.com/abstract=877664
https://doi.org/10.1111/j.1467-9280.2007.01842.x
https://doi.org/10.1037/0033-2909.125.3.367
https://doi.org/10.1037/0033-2909.125.3.367
https://doi.org/10.1037/0735-7044.115.1.238
https://doi.org/10.1037/0735-7044.115.1.238
https://doi.org/10.1016/j.psyneuen.2011.07.017
https://doi.org/10.1016/j.psyneuen.2011.07.017
https://doi.org/10.1016/j.jrp.2019.103886
https://doi.org/10.1016/j.jrp.2019.103886
https://doi.org/10.1016/B978-0-444-64123-6.00029-1
https://doi.org/10.1016/j.jaac.2017.03.013
https://doi.org/10.1016/j.jaac.2017.03.013
https://doi.org/10.33549/physiolres.934592
https://doi.org/10.1371/journal.pbio.1001081
https://doi.org/10.1371/journal.pbio.1001081
https://doi.org/10.3390/children8040262
https://doi.org/10.3390/children8040262
https://doi.org/10.1007/s10803-015-2501-y
https://doi.org/10.1007/s10803-015-2501-y
https://doi.org/10.1186/s13229-016-0073-0
https://doi.org/10.1186/s13229-016-0073-0
https://doi.org/10.3390/brainsci11070912
https://doi.org/10.3390/brainsci11070912
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0130
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0130
https://doi.org/10.1016/j.neubiorev.2021.06.038
https://doi.org/10.1007/7854_2010_93
https://doi.org/10.1038/s41583-021-00513-0
https://doi.org/10.1038/s41583-021-00513-0
https://doi.org/10.3390/brainsci8080154
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0135
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0135
https://doi.org/10.1093/schbul/16.2.319
https://doi.org/10.1093/schbul/16.2.319
https://doi.org/10.1016/0920-9964(96)00023-0
https://doi.org/10.1080/13803395.2012.712676
https://doi.org/10.1080/13803395.2012.712676
https://doi.org/10.3390/biomedicines9060652
https://doi.org/10.3390/biomedicines9060652
https://doi.org/10.1515/cclm-2012-0849
https://doi.org/10.1515/cclm-2012-0849
https://doi.org/10.3389/fimmu.2021.721409
https://doi.org/10.1158/1055-9965.EPI-08-1118
https://doi.org/10.3322/caac.21708
https://doi.org/10.1371/journal.ppat.1005374
https://doi.org/10.1371/journal.ppat.1005374
https://www.frontiersin.org/article/10.3389/fimmu.2021.698121
https://www.frontiersin.org/article/10.3389/fimmu.2021.698121
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0146
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0146
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0146
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1016/j.jid.2021.06.008
https://doi.org/10.1111/joim.12395
https://doi.org/10.1111/joim.12395
https://doi.org/10.1016/s1568-9972(03)00006-5
https://doi.org/10.1007/s10439-006-9239-9
https://doi.org/10.1007/s10439-006-9239-9
https://doi.org/10.1007/s40618-019-01041-6
https://doi.org/10.3390/ijms22042105
https://doi.org/10.1152/ajpheart.00217.2016
https://doi.org/10.1152/ajpheart.00217.2016
https://doi.org/10.1016/B978-0-12-374271-1.00011-3
https://doi.org/10.3390/biom11060883
https://doi.org/10.3390/biom11060883
https://doi.org/10.1371/journal.pone.0178334
https://doi.org/10.1371/journal.pone.0178334
https://doi.org/10.2174/1381612827666210406144310
https://doi.org/10.1111/jce.14838
https://doi.org/10.1111/jce.14838
https://doi.org/10.1186/s13293-020-00308-5
https://doi.org/10.1186/s13293-020-00308-5
https://doi.org/10.2165/00003088-200948030-00001
https://doi.org/10.2165/00003088-200948030-00001
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0162
http://refhub.elsevier.com/S0031-9384(22)00342-0/sbref0162
https://doi.org/10.1016/j.ijcard.2017.01.018
https://doi.org/10.1016/j.eclinm.2019.10.001
https://doi.org/10.1016/j.eclinm.2019.10.001
https://doi.org/10.1016/j.bbadis.2020.165722
https://doi.org/10.1016/j.bbadis.2020.165722

	Sex differences matter: Males and females are equal but not the same
	1 Introduction
	2 Sex differences in brain organization
	3 Sex differences in temperament and cognition
	4 Sex differences in pathology
	5 Conclusion
	Funding
	Data Availability Statement
	Supplementary materials
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References


