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WOMEN’S HEALTH

Sex differences in age-associated neurological
diseases—A roadmap for reliable and

high-yield research
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Once taken into consideration, sex differences in neurological diseases emerge in abundance: (i) Stroke severity is
significantly higher in females than in males, (ii) Alzheimer’s disease (AD) pathology is more pronounced in females,
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and (iii) conspicuous links with hormonal cycles led to female-specific diagnoses, such as catamenial migraines and
epilepsy. While these differences receive increasing attention in isolation, they likely link to similar processes in the
brain. Hence, this review aims to present an overview of the influences of sex chromosomes, hormones, and aging
on male and female brains across health and disease, with a particular focus on AD and stroke. The focus here on
advancements across several fields holds promise to fuel future research and to lead to an enriched understanding

of the brain and more effective personalized neurologic care for all.

INTRODUCTION

Personalized medicine aims to appreciate the uniqueness of individual
patients and may thereby allow for hand-tailored care (1, 2). There
have been impressive advances in diagnostic and therapeutic possi-
bilities (3, 4), computational resources, and medical artificial intelli-
gence (AI) (5) in just a handful of recent years. These innovations fuel
the implementation of precision medicine (6). Despite this very prom-
ising progress, it is currently still beyond our capabilities to explicitly
embrace the complexity of each individual in practice. Conceivably,
however, a great amount of variability between individuals can be cap-
tured by considering natural groups, such as older versus younger and
male versus female patients. Until true precision medicine is possible,
the most effective approach may be to optimize the treatment for these
subgroups given the assumption that patients within one subgroup
will react more comparably than patients across the entire patient
spectrum. In addition, this approach holds promise to enhance our
understanding of the underlying biological processes that will eventu-
ally be crucial to innovate suitable treatments.

Whether there are any meaningful differences between male and
female human brains is a perpetually highly debated topic (7). Among
others, this discussion has been fueled by a review paper that sum-
marized three decades of neuroimaging literature in healthy human
adults (8). The review concluded that only 1% in total variance in
brain structure and lateralization can be explained by sex after adjust-
ing for brain size (8), the sole markedly differing neuroimaging
metric (9). Independent of neuroimaging, there are also unusually
few reports of replicable differences between healthy male and female
participants in terms of behavior. Males are consistently found to
have better visuospatial skills, while females outperform males in
executive speech tasks (10, 11).

However, when studying the diseased brain, there is little doubt that
biological sex plays a key role. Considering incidences alone, most
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neurological diseases confer substantially differing risks for males and
females. In this review, we aim to demonstrate how understanding
sex differences in neurological disease can be essential to crucially aug-
ment our understanding of the healthy human brain in general and its
reaction to stressors in the context of disease. While our research focus
is on neurological diseases and how they affect the brain, investigat-
ing sex differences requires an understanding of the biological sys-
tem at large.

Therefore, in the first part of this review, we will discuss what is
known about the effects of sex-specific genes, hormones, and aging
on the brain. In the second part of this review, we will review major
breakthroughs of sex-specific research for two of the most common
age-associated neurological diseases: Alzheimer’s disease (AD) and
ischemic stroke. More specifically, we will present sex-specific findings
ranging from those relating to disease incidence and prevalence to
clinical presentation, pathophysiology, and treatment. The second part
will end with a brief overview of sex differences across the entire range
of neurological disease (cf. Fig. 1 for an overview of content). In each
part, we will highlight pertinent preclinical and clinical research
involving cells, animals, and humans. For each instance, we will explic-
itly state from which setting findings resulted. Where possible, we will
correlate respective findings from preclinical and clinical research. Of
note, we describe sex differences as relating to biological sex. Hence, we
will use the terms males and females. We will focus on those differ-
ences originating from sex-specific genetic and hormonal alterations
and their effects on anatomy, pathophysiology, disease manifestation,
and response to treatment (12).

BIOLOGICAL UNDERPINNINGS

Sex-specific genes

Our genes represent our biological foundation. In human mammals,
the genetic architecture of males and females differs by an entire
chromosome. Data support that about ~300 million years ago, the X
and Y chromosomes originated from a regular pair of autosomes
(13). Autosomes are the paired chromosomes that are not sex chro-
mosomes, i.e., chromosomes 1 to 22 in humans. In total, humans
typically have 46 chromosomes (44 autosomes, 2 sex chromosomes,
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Fig. 1. Biological sex, mediated through sex-specific genetic and hormonal alterations, has vast effects on the human brain, especially in the presence of disease.
The first half of this review highlights research relating to effects of (A) sex chromosomes, (B) sex hormones, and (C) sex-specific aging processes on the brain. The second half
addresses sex differences uncovered for two of the most burdensome neurological diseases: (D) Alzheimer’s Disease (AD) and (E) Acute Ischemic Stroke (AIS). (A) Sex chromo-
somes: Recent X chromosome-wide association analyses suggest risk loci on the X chromosome for AD (785). There are calls to scrutinize interactions of the X chromosome
and APOEe4 (184), the gene variant known to have stark effects on AD risk and further neurological diseases (179, 405, 406). (B) Sex hormones: They have main effects on
neuroprotection, neuroplasticity, and memory and may play major roles in the development of AD (713, 238) and outcome of AlIS (319, 341). (C) Sex-specific aging and the
immune system: Immunosenescence (7155) and inflammaging (754) are main phenomena of an aging immune system. Research into sex differences in AD and further neuro-
logical diseases highlights the sex-varying roles of neuroinflammation in general and microglia in particular (224, 335, 336). In summary, the aim of this review is to inform about
the origins of biological sex differences in the brain and foster a greater awareness of each field’s progress, encountered obstacles, and solutions. Closer ties between preclini-
cal and clinical work and intensified dialog between researchers investigating the healthy younger and diseased older brain may enrich and accelerate research. Eventually,
this approach to cerebral sex differences may augment our understanding of the brain in general. It holds promise to achieve optimal brain health and treatment of brain

disease for each individual patient in the actual sense of precision medicine. Figure created with BioRender. A. Bonkhoff (2025); https://BioRender.com/k39p267.

either XX or XY). At the time, the Y chromosome presumably
acquired male-specific genes. Centrally among these genes was the
so-called SRY-gene (14, 15). This gene initiates the development of
male-defining organs via the production of the testis-determining
factor. Since then, the X and Y chromosomes have become structur-
ally heteromorphic. Both chromosomes share a limited length of
pseudoautosomal regions along which they can still recombine.
Other than that, the transmission of the Y chromosome occurs clon-
ally from father to son only (16). This mode of transmission has put
the Y chromosome at a substantially higher risk of mutations, dele-
tions, and insertions (17, 18). Altogether, it effected the loss of a
majority of genes on the Y chromosome (13).

Currently, the X chromosome is large and rich in genes (~150 Mb
euchromatic size and ~800 genes). The Y chromosome is smaller
in comparison and only contains a fraction of the original genes
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(23 Mb, ~78 genes) (16, 19, 20). It has even been hypothesized that
the Y chromosome could go extinct within the next 10 to 30 million
years given the rapid loss of its genes (17, 21). However, the compari-
son of the Y chromosomes of humans and old world (rhesus) monkeys,
whose lineages separated 25 million years ago, have shown that an
ongoing gene loss was limited to only certain parts of the chromo-
some. The majority of the chromosome remained preserved (22).

One could reason that subtle sex differences in brain organization
despite substantial sex chromosomal differences made sense if genes
from sex chromosomes had only local effects in reproductive organs.
The expectation of only few sex differences in brain organization
could also be reasonable if the differences in genetic makeup were
counterbalanced by another mechanism. In the case of two (or more)
X chromosomes, “X-inactivation” occurs (23). This is a process during
which the genes from all but one X chromosome are silenced. This
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mechanism essentially counteracts the higher X chromosome gene
dosage in females.

However, compensatory processes, such as X-inactivation, are
incomplete. At least 15% of X chromosome genes escape this mech-
anism (24). Furthermore, it is indeed the case that sex chromosomes
contain a proportionally higher number of sex- and reproduction-
related genes as compared to autosomes (16, 25) and the Y chromo-
some is essential for testes differentiation and spermatogenesis
(16, 26). However, our sex chromosomes affect more than just sex
organ differentiation (27). One example is their unique impact on
the immune system (28). An effect on the brain is supported by the
collection of findings outlined in the following.

First, X-linked genes have been reported to be more highly
expressed in brain tissue (29). Only recently did large-scale popula-
tion studies demonstrate significant associations between X-linked
genes and brain imaging phenotypes. Examples of these sex-specific
associations were spatially specific white matter neurite densities,
white-gray matter intensity contrasts, and surface areas (30). In
rodent studies, the aforementioned SRY-gene has been found to be
specifically expressed in the substantia nigra. It here alters the bio-
chemical properties of dopaminergic neurons involved in motor
behavior (31).

Second, some further evidence for the impact of sex chromosomes
specifically on the brain comes from genetic diseases with sex chro-
mosome aberrations, i.e., additions or deletions of the X or Y chromo-
somes. Examples of these common genetic disorders are Klinefelter
syndrome (47, XXY), Turner syndrome (45, X), and XYY syndrome
(47, XYY) (32, 33). They are characterized by distinct neuropsychiat-
ric profiles comprising elements such as reduced intellectual ability,
motor impairments, and higher frequencies of neurological and psy-
chiatric disorders (34). On top of that, these sex chromosome aberra-
tions affect characteristic changes in brain architecture. X chromosome
additions have been found to be associated with higher gray matter
volumes in parieto-occipital and sensorimotor cortices, and lower vol-
ume in insular and temporal regions. The absence of an X chromo-
some appears to result in the opposite pattern (34). Overall, diseases
with sex chromosome aberrations hence suggest an effect of sex chro-
mosomes on cerebral organization (35). Yet, it is important to con-
sider that chromosomal, hormonal, and other compensatory effects
may be compounded in this context. The challenge of chromosomal
versus hormonal effects can be circumvented in animal models of
“four core genotypes.” These models offer the possibility of examining
XX males (i.e., with testis) and XY females (i.e., with ovaries) given a
relocation of the SRY-gene to an autosome (36).

Third, another example for sex chromosome-brain interrelations
may be seen in genetic mental retardation. The incidence of mental
retardation is sex-specific and features a 30% higher rate in males.
Oftentimes, it is linked to genes on the X chromosome (20, 37, 38).
Correspondingly, previous work indicates that the frequency of genes
with effects on cognitive abilities is more than threefold higher on the
X chromosome than any other chromosome (37). This predominance
of cognition-relevant genes on the X chromosome resembles the pre-
dominance of sex- and reproduction-related genes on the X chromo-
some (25). This circumstance may indicate that certain features,
such as gene and protein expressions, are shared between the brain
and testis (39-41).

In addition to these effects directly associated with sex chromo-
somes, biological sex has also been found to modulate epigenetic
mechanisms (42). For example, some evaluations suggest that 2.5% of
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all genes are expressed in a sex- and brain region-specific fashion (43).
Sex-specific gene expression may hence represent another route
through which biological sex can affect differences in the brain.

Sex-specific hormones
By initiating sex organ differentiation, sex chromosomes have indi-
rect, yet ubiquitous effects via sex hormones. The sex hormones
most classically studied are the sex-steroid hormones estrogen,
more specifically 17f-estradiol (E2), progesterone, and testosterone.
Estrogen and progesterone are more dominant in females and tes-
tosterone is more dominant in males. All of them have characteristic
levels and dynamics in each phase of life (44, 45). Despite this
emphasis on estrogen/progesterone versus testosterone in females
versus males, it is important to recognize that all three hormones are
still present in both sexes. In addition, testosterone’s major metabo-
lite via aromatase is estradiol. Naturally, these hormones are com-
monly regarded as being essential for sexual development (46). They
are also assumed to have a wide range of physiological functions:
Cerebral functions may be some of the most visible ones (47).
Some of the first historic evidence for sex hormones influencing
brain function, dating back to the 1930s, came from experimental
work with guinea pigs. This work showed links between menstrual
cycles and reproductive sexual behavior (48, 49). Further observa-
tions are animal experiments that indicated lower seizure thresholds
during the days of highest estrogen levels (50). Another example is
the report of two female human patients with dyskinesias that de-
scribed a noticeable improvement in their symptoms time locked
with periods of highest circulating levels of estrogen (51). Anatomi-
cally, this sex hormone-brain function connection was supported
by the detection of receptors for sex hormones in work with rodents.
These receptors were first found along the hypothalamic-hypophysial
axis and limbic structures. The hypothalamic-hypophysial axis rep-
resents the foundation for brain-body communication via the neu-
roendocrine system (52, 53). Examples of limbic structures are the
amygdala and hippocampus (54-56). Hence, these regions rich in
sex hormone receptors are thought to be particularly implicated in
the regulation of mood and cognition. Later studies in monkeys and
rodents added cortical receptor localizations, such as the prefrontal
cortex (57). They furthermore suggested characteristic distributions
for different receptor subtypes (58) and demonstrated broad over-
laps for progesterone, estrogen, and testosterone receptors (56). Sys-
temic sex steroids can pass the blood-brain barrier (59). In addition,
they can be to locally synthesized for immediate release (47, 60).
Another important, linked theoretical construct is that sex hormones
act in two profoundly different ways via organizational and activa-
tional mechanisms (61, 62). Organizational effects are assumed to
be permanent and occur mainly in early development, while activa-
tional effects are thought to be temporary and dynamic, continuing
after brain maturation (63, 64).
Neuroprotection, neuroplasticity, and memory
In the previous section, we established that the brain expresses high
levels of spatially specific sex hormone receptors that can react to sys-
temic and locally produced sex hormones (44, 63). We will now high-
light some of the most salient, interconnected eftects of sex hormones
that have relevance across diseases: neuroprotection, neuroplasticity,
and memory. Experimental work indicates the neuroprotective ef-
fects of estrogen, progesterone, and androgens (60, 65, 66). For
example, infarct volumes were smaller in young female rats. This
difference disappeared for middle-aged animals in reproductive
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senescence (67). In support of these findings, infusion of exogenous
estrogen within 3 hours of stroke onset led to significant decreases in
infarct sizes, even in male animals (65, 68). A comparable effect was
observed for progesterone (69). Proposed mechanisms are vasodila-
tion and improved cerebral blood flow to the affected brain regions,
in addition to potential protection from excitotoxic damage (65).
Sex hormone-induced changes observed in animals are enhanced
myelination and dendritic spine and synapse density in the hippo-
campus and beyond. They are interpreted as signs of neuroplasticity
(63, 70). Functionally, these sex hormone-related structural changes
may underlie the augmented learning and memory capacities that
have been observed for estradiol in both female and male animals
(47). Experimental work with animals furthermore suggests that
some of the molecular processes resulting in improved memory are
sex specific (47). For example, sex-varying estradiol receptor sub-
types appear to be involved (71). Also, hippocampal processes were
dependent on protein kinase A exclusively in female animals (72).
Uniform macroscopic brain organization and downstream behavior
may hence be the result of sex-specific molecular processes. This con-
sideration vaguely links to the proposal by some that sex differences
in microscopic brain structure and molecular processes may prevent
overt sex differences in brain function by compensating for naturally
occurring sex differences in physiological environments, e.g., sex
hormone levels (73).

Female menstrual cycle and hormonal contraception

The female menstrual cycle, which lasts ~28 days in humans, features
rhythmic changes in hormonal levels. Estrogen first peaks at the end
of the initial follicular half and increases ~8-fold. Progesterone reaches
its maximum in the middle of the second luteal half with an ~80-fold
increase. In addition, estrogen demonstrates a second, albeit less
pronounced peak in the luteal phase (74-76). The aforementioned
estrogen-induced structural changes of hippocampal spine density
for example stem from observations of the estrous cycle in female rats
(77, 78). 1t is important to note that rodents experience an estrous
cycle with estrogen only rather than a menstrual cycle with estrogen
and progesterone (79). Even estrogen receptor expression appears to
depend on the stage of the estrous cycle (80). Chronic coadministra-
tion of progesterone decreases estrogen-mediated effects of neuro-
plasticity (8I). These findings hint at the complexity of hormonal
interactions, the importance of timing, and pulsative nature of hor-
monal levels. In humans, a correlate of these experimental findings
may be the covariation of estrogen levels and hippocampal gray mat-
ter volume during the menstrual cycle (82). Moreover, a synthesis of
multimodal neuroimaging studies accentuated periodic changes of
gray matter volumes and activation levels in areas comprising the
amygdala, the insula, anterior cingulate, and prefrontal cortex, as well
as inferior parietal lobe (82). Specifically, functional imaging studies
show stronger amygdala activation in combination with enhanced
emotion recognition in females during their follicular phase (83). In
late luteal phases, it has been found that cortical-subcortical func-
tional connectivity and emotion perception is reduced (84). More
recently, sophisticated studies in humans have leveraged dense sam-
pling to interrogate neuroendocrine effects. Dense sampling refers to
longitudinal study designs where one or few participants undergo
testing, such as neuroimaging or laboratory workup, at a higher fre-
quency and over a higher number of sessions (85, 86). Pertinent find-
ings were that changes in day-to-day progesterone levels link to
volume changes in the medial temporal lobe (MTL) (87). Further,
sex hormone levels during the menstrual cycle and functional brain
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connectivity at large, particularly in the default mode and dorsal
attention network, were linked (76). MTL volume changes disap-
peared in case of progesterone suppression (87, 88), which reinforces
the dependency of brain changes on progesterone variation observed
initially. It also emphasizes the need of studying yet another unique
situation: hormonal contraception (89). In the United States, notably
25% of all females from 15 to 44 years of age use one of the available
oral contraceptive pills comprising combined estrogen-progesterone,
progesterone-only, and continuous or extended-use versions (90). In
addition to the just mentioned effects on MTL volume (87, 88), a
variety of studies point toward notable effects of contraception use on
cognitive performances. The most consistent finding is improved
verbal memory with oral contraception use (91, 92).

One important realization at the end of this section is that hor-
monal levels do not only affect structural cerebral changes, yet they
do so rapidly (63). Changes can appear on a timescale of hours and
days during the menstrual cycle. In addition, these changes are of
relevance to behavior and even disease, as we will discuss more in
later stages of this review.

Pregnancy

Pregnancy is characterized by marked increases in sex hormone
levels that initiate and maintain systemic changes of the maternal
body necessary to support fetus growth over the 40-weeks of human
gestation. In particular, estrogen levels increase up to 1000-fold,
especially in the third semester. With the loss of the placenta, it then
almost instantaneously decreases postpartum (93). Altogether, this
surge during pregnancy results in an estrogen exposure that exceeds
the lifetime one of a nonpregnant female (94). Studies in rodents
suggest the combination of decreased neurogenesis, increased den-
dritic growth, and myelination (95). Moreover, brain immune func-
tion is altered during late pregnancy. These changes have been
hypothesized to occur to create the “maternal caregiving circuit”
(96) and facilitate maternal behavior. Key neuroimaging studies in
humans across the different stages of pregnancy found widespread
reductions in gray matter volume (94, 97). Among others, these
reductions were centered on regions along the anterior to posterior
midline, bilateral inferior frontal gyri, and temporal cortices (94).
Concomitantly, increases were noted for white matter integrity, ven-
tricle volume, and cerebrospinal fluid (98). These changes correlated
with maternal attachment and were still detectable years postpar-
tum (94, 99). Large-scale population studies in turn demonstrated
correlations between childbirths and “younger-looking” brains (100).
Subjectively, many females perceive a worsening of their memory dur-
ing pregnancy (101). Also, there is meta-analytical evidence of memory
disturbances during pregnancy and early postpartum (102, 103). These
memory disturbances were additionally found to correlate with hor-
mone levels (104). In line with these impressions, experimental work in
rodents shows decreases in spatial memory performance in late
pregnancy and early postpartum. In contrast, spatial memory seems
enhanced in late postpartum and middle age (102).

Menopause

The menopause transition occurs at the end of a woman’s reproductive
life. It is defined by initial irregularity of the menstrual cycle, subse-
quent intervals of amenorrhea of >60 days, and eventually the final
menstrual period without any further one for a year (105). Once
again, estrogen levels undergo pronounced and characteristic changes.
They can still be normal or even elevated during earlier stages (106).
They then start to vary widely, until they are markedly decreased at the
end of the transition to reproductive senescence and loss of ovarian
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follicles (107, 108). Female rodents and nonhuman primates experi-
ence similar changes during their perimenopausal transition (109)
and offer several frameworks to systematically study related brain
changes. One of these frameworks is surgical ovariectomy (79). In line
with studies of the estrous cycle, ovariectomy and, hence, the removal
of circulating sex hormones lead to a stark decrease in dendritic spine
density in CA1 pyramidal cells of the hippocampus in rodents (77).
This process can be reversed with exogenous estrogen and even fur-
ther augmented with estrogen and progesterone coadministration
within the first few hours (77, 81). Natural menopause in rhesus mon-
keys was found to correlate with a selective loss of a specific kind of
synapses in the hippocampus that are known to support enhanced
synaptic efficacy (110). Moreover, exogenous estrogen in ovariecto-
mized monkeys increased synaptic dendritic spine density and
modified spine morphology in the prefrontal cortex (111). Further
menopause-related changes observed in experimental work with
rodents are marked changes of the brain’s bioenergetic system with
persistent decreases in glucose metabolism (109, 112). In humans,
structural and functional neuroimaging studies have shed light on
more macroscopic cerebral changes during menopause. In particular,
their sex- and menopause status—specific findings underline the value
of conducting careful analyses of subgroups to reveal subtle differ-
ences (e.g., male and female, and pre-, peri-, and postmenopausal par-
ticipants) (113). Summarizing the effects of eight individual studies, a
recent review reported most consistent volume reductions in frontal
and parietal brain regions, the insula, basal ganglia, the hippocampus,
and amygdala (114). Some of these reductions in gray matter volume
appeared to recover in the postmenopausal phase (115). Functional
magnetic resonance imaging studies, particularly focused on memory
tasks, suggest increasing bilateral hippocampal connectivity in post-
menopausal females (113). Moreover, different patterns of memory
task evoked activity with stronger recruitment of the left dorsolateral
prefrontal cortex and hippocampus were observed in postmenopausal
females (116). In line with the mentioned experimental work, evalu-
ations of glucose metabolism, amyloid-p deposition, and brain vol-
umes in humans displayed decreases in postmenopausal females
compared to males < premenopausal females and < perimenopausal
females (117). A multitude of studies collectively point to increased
glucose metabolism, blood flow, and activation during memory and
attentional tasks after estrogen replacement therapy in postmeno-
pausal females, which corroborates these findings further (118-122).
Notably, these changes occur without any correlated notable increases
in performance in most cases.

Vasomotor symptoms are one of the hallmarks of menopause.
Up to 75% of postmenopausal females regularly experience hot
flashes and night sweats (123, 124). These findings may demonstrate
once again that sex hormones affect brain function. Hot flashes are
thought to be the result of core body temperature elevations in com-
bination with a decreased upper threshold for sweating (125). These
processes are centrally mediated through the hypothalamic preoptic
nucleus, which is the primary thermoregulatory center and particu-
larly densely populated by estrogen receptors (108). Similarly, dis-
ruptions of sleep, for example, nocturnal awakenings (126), also
functionally link to a brain region, the hypothalamic suprachias-
matic nucleus, which is rich in estrogen receptors (108). Deficits in
memory and concentrations are the third well-researched category
of menopausal symptoms. They can also be traced back to brain
regions rich in estrogen receptors, such as the prefrontal cortex and
hippocampus (108). Approximately 40% of females in a classic range
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for menopause note a perceived forgetfulness (127). Several meta-
analyses on the topic indicate most objective effects on verbal mem-
ory performance (128-130). Less consistent evidence is reported for
processing speed, verbal fluency, attention, and working memory
(130). Of note, longitudinal assessments suggest that change may
not happen linearly across perimenopause (131). There is also
potential for changes to be reversed to premenopausal levels after
menopause (132). One of the currently unsolved questions is why
some postmenopausal females remain unaffected by these cognitive
changes (133) and for example still exhibit brain activity pattern
similar to premenopausal females (113). Interactions between all
three mentioned symptoms—hot flashes and sleep and cognitive
disturbances—are being actively discussed. The “domino hypothe-
sis,” which was introduced in the 1980s, postulates that hot flashes
are the cause of downstream sleep disruptions and then cognitive
disturbances (134, 135). It also appears that menopausal symptoms
are more pronounced but similar in nature to those experienced
with rhythmicity during the menstrual cycle: changes of the core
body temperature (136), the quality of sleep (137, 138), and verbal
memory enhancements with oral contraception use (91, 92). Meno-
pause, which can be seen as an endocrine senescence and reproduc-
tive aging process of the hypothalamus-pituitary gland-ovary axis,
has intricate links to general processes of aging. It is even thought to
accelerate the aging process (139) and menopausal symptoms are, in
part, seen to be due to aging itself (124).

Before discussing general aspects of aging, we want to pause to
acknowledge that the effects of estrogens and aging-related changes
in hormone levels on the male brain are less well studied (140). In
comparison to the more abrupt changes in estrogen and proges-
terone during the menopause transition, bioavailable testosterone
appears to decline more gradually across the life span (in both males
and females) (141). Moreover, we did not include the effects of sex
hormones beyond estrogen, progesterone, and testosterone [e.g.,
oxytocin, prolactin (142), luteinizing hormone (LH), and follicle-
stimulating hormone (FSH)] and did not discuss those hormones
that are less sex specific but undergo major changes during sex-
specific events (e.g., cortisol during pregnancy) (95). Last, we did
not address interactions between steroid sex hormones and neuro-
transmitters (140, 143) and did not highlight psychiatric effects (144).
All of these aspects should be elucidated further in future work.

Sex-specific aging

Age itself is a major risk factor for a multitude of diseases (145). It
may hence be especially crucial to understand the intricate interac-
tions between biological sex and age and their joint effects on basic
pathological mechanisms that are shared across diseases. A seminal
publication in 2013 summarized the nine “hallmarks of aging”:
genomic instability, telomere attrition, epigenetic alterations, loss
of proteostasis, deregulated nutrient sensing, mitochondrial dys-
function, cellular senescence, stem cell exhaustion, and altered
intercellular communication (e.g., inflammation) (146). While all of
these categories deserve further recognition, we refer to the original
publication for in-depth descriptions and will here focus on selected
processes that will centrally contribute to our discussion of neuro-
logical disease. One general observation for aging-related sex differ-
ences is that females have a longer life span than males, reflecting
their longer telomeres (147). Paradoxically, they, however, experi-
ence a greater amount of frailty and physical illness at the end of
life (148, 149).
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The aging immune system: Inmunosenescence,
“inflammaging,” and related sex differences

Independent of aging, the immune system is highly sex specific: The
X chromosome encodes a variety of immune-regulatory genes and all
of estrogen, progesterone, and androgen effect a variety of immune pro-
cesses (28). As a result, females in their reproductive years that experi-
ence higher cycling estrogen and progesterone levels are more vulnerable
to B cell-mediated autoimmunity (e.g., multiple sclerosis (MS), systemic
lupus erythematosus, and myasthenia gravis). At the same time, they are
less affected by infections or chronic inflammatory diseases (150, 151).
Conversely, concentrations of estrogen and progesterone as excessively
high as during (late) pregnancy exert an immunosuppressive effect with
beneficial effects on autoimmune disease (152). This overall pattern
changes with age or, rather, menopause and decreasing estrogen and
progesterone levels: B cell-mediated autoimmunity decreases, in
exchange for an increase in T cell-related autoimmune inflammatory
processes (e.g., theumatoid arthritis) (150). Androgens, overall, seem to
exert an immunosuppressive effect at physiological levels (153).

The aging immune system is particularly affected by immunose-
nescence and inflammaging (154). Immunosenescence comprises pro-
cesses such as decreasing hematopoietic bone marrow function and
thymus involution that contribute to decreasing immune function (155).
Inflammaging, a term first coined in 2000, describes a chronic, low-
grade systemic inflammation observed in older age, with increased
levels of serum C-reactive protein and pro-inflammatory cytokines. In
particular, the main blood marker interleukin-6 strongly correlates with
morbidity and mortality (154). Initially, one central driver of this exces-
sive inflammation was seen in persistent viral infections, especially
with cytomegalovirus (156). More recently, the importance of self-
endogenous molecules has been recognized. They result from damaged
and dead cells that physiologically increase with age and are less success-
fully disposed via the proteasome. This recent realization renders
inflammaging an autoimmune and autoinflammatory process (157).
In this context, it has also been recognized that nutrition, obesity (158),
the gut microbiome, and their age-related changes may play particularly
central roles (159, 160). Obesity, for example, has been shown to be
linked to a metabolic inflammatory state (158). Successful aging, on the
other hand, appears to relate to an optimal balance between pro- and
anti-inflammatory processes (161). Sex differences in immunose-
nescence and inflammaging need to be elucidated more. So far, current
work suggests distinct sex differences in gut microbiome composition
and function (162, 163), different metabolic profiles (164), and an alto-
gether more accelerated rate of aging-related immune system alterations
in males (151). These aging processes represent systemic changes, but
they are of relevance to the human brain. For example, increasing expo-
sure to self-endogenous molecules is implicated in the development of
age-related brain diseases. There is a direct relation in the case of AD
and an indirect one through aggravation of cardiovascular diseases
(157). In addition, an inflammatory environment is thought to contrib-
ute to blood-brain barrier changes and breakdown (165), peripheral im-
mune cell infiltration, and glial cell activation. These activated glial cells
then release further inflammatory cytokines and reactive oxygen species
toxic to neurons (166).

SEX DIFFERENCES IN NEUROLOGICAL DISEASES

Sex differences in sporadic AD

AD is the most common cause of sporadic dementia and accounts for
60 to 80% of cases. Symptomatically, it is characterized by progressive
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memory loss and disturbances of further cognitive abilities, such as
reasoning, attention, and language. Ultimately, it results in an inability
to complete tasks of daily living (167). The defining pathophysiologic
hallmarks of AD are extracellular amyloid-f plaques and intraneural
neurofibrillary tangles tau in combination with neurodegeneration.
Amyloid-p accumulation starts decades before tau, marks the preclin-
ical stage of AD, and promotes subsequent neuroinflammation, glial
cell activation, synaptic failure, neuronal loss, and eventually the clini-
cal manifestation (168-171). Vascular disease, including cerebral
amyloid angiopathy (CAA), and the extracellular accumulation of
phospho-TAR-DNA-binding-protein-43 (pTDP-43) also contribute
to the clinical and pathological phenotypes of AD, which enhances the
complexity of the picture (172, 173). An abundance of sex differences
have been noted that relate to disease prevalence, symptomatic pre-
sentation, pathophysiological processes, and therapeutic efficacy
(174-177). We will highlight each of these topics in turn. Similar to
previous sections, we display findings from experimental studies with
animals and cells in combination with studies involving human par-
ticipants. We directly state the research scenario for each instance.
Sex differences in AD disease prevalence, risk factors, and
clinical presentation

Two-thirds of all patients living with Alzheimer’s dementia are female
(167). The origins of this difference are frequently and controversially
discussed. One hypothesis is that it may arise due to a female-
specifically enhanced longevity combined with a selective survival of
those men with good cardiovascular health and therefore decreased
risk of dementia (174, 178). However, in subgroups with specific risk
factors, female sex predisposes for a higher AD risk independent of
this longevity aspect (179). One example of these specific risk factors
is Apolipoprotein E e4 (APOEe4), which is the allelic variant that
confers the strongest genetic risk for sporadic AD (180). Several
large-scale studies suggest that females with an APOE £3/4 genotype
have a higher risk of developing AD, especially at younger ages
(181, 182). The origins of this female vulnerability to APOE €3/4 are
an active area of current research and one focus is on potential syner-
gies with the X chromosome itself (183, 184). As mentioned in an
initial section, sex chromosome aneuploidies have effects on general
intelligence and impairments of, e.g., executive functioning, which
suggests a relevance of genes on sex chromosomes to cognitive func-
tions (34). More generally, studies indicate distinct roles of X-linked
genes in neurodegenerative diseases (177). A recent X chromosome-
wide association study uncovered a previously unknown risk locus for
AD that is thought to regulate processes leading up to amyloid-p
accumulation (185). With respect to nongenetic risk factors, recent
evaluations suggest that up to 45% of AD risk factors (e.g., education,
hearing loss, and social isolation) could be modifiable. Sex differences
among those modifiable risk factors are relatively underexplored
(186). Some early studies pointed to faster disease progression in
males (187, 188). Nonetheless, more recent studies collectively suggest
the opposite: Cognitive decline is observed to be accelerated in
females compared to males (189-191), especially in case of high
amyloid-p (192) and the presence of the APOEe4 variant (192, 193).
Moreover, there is meta-analytical evidence of female patients scoring
lower in cognitive tests overall (194). Effects may be driven by a higher
correlation of cognition and neuropathology in females as we will dis-
cuss shortly (195). In addition to these sex differences in rates of
decline and clinical severity, there are also reports of sex differences
in the pattern of accompanying behavioral symptoms, such as agita-
tion and affective symptoms (176). Meta-analytical data indicate a
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female-specific predominance of depressive and psychotic symptoms.
In males, motor behavior and apathy are more pronounced (196).
Some caution may be warranted when interpreting these results on
severity and predominance of symptoms, as some commonly used
screening tests may be subject to sex-specific detection bias (197).
Sex differences in AD neuropathology

One of the most outstanding neuropathology studies evaluating sex
differences in AD demonstrated that there was a substantial divide
in the association strength between AD neuropathology load at the
time of autopsy and clinical AD diagnosis during lifetime (198). AD
pathology was measured as a compound score based on the number
of neuritic plaques, diffuse plaques, and neurofibrillary tangles in
four cortical areas. These four areas comprised the midfrontal, supe-
rior temporal, entorhinal, and inferior parietal cortices. For each
extra unit of AD pathology, males had a 3-fold increase in odds of
AD diagnosis compared to a 20-fold increase for females (198). In
line with these findings, further studies of preclinical aging and clin-
ical cohorts reported females to be subject to a faster cognitive de-
cline (192, 195) and faster atrophy of the (left) hippocampus for the
same amount of AD biomarkers (195). In addition, female patients
were found to have increased global pathology overall. This differ-
ence mostly emerged due to neurofibrillary tangles tau (198, 199).
The presence of a higher female-specific tau burden is further sup-
ported by cerebrospinal fluid studies resulting in higher tau levels in
females (200, 201). Also, similar patterns of female-specific enhanced
tau are apparent in positron emission tomography-based neuro-
imaging studies of preclinical cohorts (202, 203). Experimental
work in animals overall supports the assumption of a higher sensi-
tivity to AD pathology in females (204), even though results of indi-
vidual studies have been mixed (205).

Sex differences in vascular pathology

The exact underlying mechanisms remain to be fully elucidated, but
the substantial contribution of vascular pathology to the develop-
ment of AD has been brought to light by a wealth of studies (206).
The most relevant and common forms of vascular pathology affect-
ing the brain are cerebral atherosclerosis, arteriolosclerosis, and
CAA (207). These have been shown to differentially affect males and
females (208-210). As they have intimate links to ischemic stroke as
well, we will discuss sex differences in cerebral atherosclerosis and
cerebral small vessel disease (CSVD) in further detail in the stroke
section. CAA is a CSVD characterized by amyloid-p plaques within
small- to medium-sized cortical and leptomeningeal vessels that
progress with age and predispose for lobar intracerebral hemor-
rhages (211, 212). CAA burden overall has been found to be in-
creased in human male patients compared to females (210). Male
patients also appear to have disease courses with earlier onset and
more frequent hemorrhages (213). Of note, some characteristics of
CAA, e.g., microbleeds, are increased in females (214, 215) and cor-
respondingly in female rodents (216).

Sex differences in neuroinflammation

Microglia are macrophage-like innate immune cells residing in the
central nervous system that support brain development and homeo-
stasis of the adult brain. They do so most prominently by clearing
debris, such as protein aggregates or apoptotic cells (217, 218). Their
potentially crucial role in AD was already discussed by Alois Alzheimer
when he described their changes in postmortem brain tissue of
patients with AD in 1911 (219). Sex differences in their anatomy,
gene expression, and function are increasingly being recognized
(218, 220, 221). Studies in rodents have, for example, shown (age- and)

Bonkhoff et al., Sci. Adv. 11, eadt9243 (2025) 5 March 2025

male-specific higher density of microglia cells centering on brain
regions such as the hippocampus and amygdala (222), in addition to a
higher antigen-presenting capacity and ability to respond to stimuli
(223). Specific to AD, human data suggest that microglial activation
may sit at the intersection of amyloid-f and tau and may promote tau
burden particularly in females (224).

Sex differences in the brain’s cholinergic system

Another important change thought to contribute to cognitive decline
with potential modifications by sex relates to the brain’s cholinergic sys-
tem (140, 225). It broadly influences sensory, attention, and memory
functions (226) and undergoes degenerative changes during physi-
ological and pathological aging (227). Early anatomical studies revealed
that the hippocampus and amygdala were regions with particularly
high choline acetyltransferase and acetylcholinesterase enzymatic
activities (228). They receive their cholinergic input from the basal
forebrain (229, 230). Several early clinical observations in humans in
the 1970s reported reduced cholinergic activity specifically in the brains
of patients with AD (231). In parallel, anticholinergic drugs were found
to reproduce cognitive impairments on the one hand (232) and cholin-
ergic drugs to improve cognitive performance on the other hand (233).
The possibility of a sex-specific regulatory function on the cholinergic
system is rendered more likely by studies in rodents showing colocaliza-
tion of estrogen receptors and cholinergic neurons in their basal
forebrain, which allows their interaction in theory (234). The coad-
ministration of estrogens and acetylcholinesterase inhibitors appeared
to be necessary for enhancing effects on cognition in older animals
in one study. Estrogen on its own was ineffective (235). Further, human
data indicate that treatment with the cholinesterase inhibitor done-
pezil is more effective in females with certain estrogen receptor
genotypes (236).

Sex differences in AD treatments

As outlined in a previous section, endocrine aging during meno-
pause and the accompanying drastic changes in sex hormone levels
effect vast cerebral changes. These changes are anatomically cen-
tered on limbic regions and known to visibly affect memory func-
tion. In particular, studies in humans point to worse memory in
later life with premature loss of ovarian function (surgically or non-
surgically) (237), a higher tau burden with earlier age at menopause
(238), an increased AD risk with decreased lifetime exposure to
estrogens (188), and a female-specific higher risk of dementia in the
years following menopause (181, 239). Animal studies additionally
suggest links between increasing soluble amyloid-f levels with
decreasing sex hormones (240).

In theory, these insights make estrogen one of the most promising
agents as a memory-enhancing and AD-treating drug. In practice, ini-
tial meta-analyses of smaller-scale human clinical trials, cohort, and
case-control studies in females were consistent with the dementia risk-
reducing effects of external estrogen after menopause (241-243).
However, one of the largest randomized, placebo-controlled clinical
trials of its kind in the early 2000s concluded that hormone replace-
ment therapy (HRT) with estrogen and progesterone after menopause
resulted in a higher risk of dementia compared to placebo (244). This
Women’s Health Initiative Memory Study (WHIMS) (245) recruited
almost 4900 female participants. At the same time, it was also found
that HRT did not significantly reduce the risk of coronary heart
disease. Instead, HRT increased risks of stroke, pulmonary embolism,
and breast cancer in certain subgroups (246). Overall, these findings
dampened enthusiasm for HRTs (246). Careful (re-)interpretation of
data led to the conclusion that estrogen may prevent cognitive decline,
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but, importantly, mostly so if initiated within a limited amount of time
after loss of ovarian function (247). This hypothesis is termed “win-
dow of opportunity” (248). On the basis of experimental work with
animals, it has been hypothesized that this dependency on early tim-
ing of estrogen therapy could stem from the necessity of a functioning
cholinergic system (234), which decays with older age. Alternatively, it
could be due to decreasing numbers of estrogen receptors in the hip-
pocampus with long-term depletion of estrogen, rendering late-onset
estrogen administration ineffective (249). Concurrently, there is the
“healthy cell bias of estrogen action” theory that is centered on the
assumption that estrogen signaling pathways through mitochondria
could have detrimental effects if activated in diseased neurons (250).
After all, more studies are needed to determine the specific scenarios
in which exogenous estrogen may still have a positive impact on brain
function. Independent of estrogen as active hormonal agent, there
have been promising signs that FSH blockade could improve cogni-
tion as well. Work in rodents suggests that FSH accelerates AD patho-
logical burden (251).

Last, we want to briefly discuss sex differences in approved AD
therapies. A minority of clinical trials that investigated cholinester-
ase inhibitors and memantine in human participants additionally
evaluated sex differences in drug efficacy and safety. A review in
2017 concluded that only 2 out of 48 trials reported sex-specific
analyses (252). Those two studies did not note any sex differences
for donepezil (253, 254). Similarly, neither one of the three main
clinical trials for anti-amyloid agents in humans presented sex-
specific analyses in their main reports (255, 256). However, supple-
mental analyses indicate that positive overall effects are possibly
driven by male patients (255). This finding in particular mandates
further scrutinization of sex differences in treatment effects in future
studies (257).

Sex differences in resilience to AD

A high number of elderly adults technically meet AD diagnosis crite-
ria based on neuropathology at autopsy, yet they did not experience
cognitive impairments during their lifetime (258). Some work points
toward a possible female-specific resilience in humans to developing
excessive cognitive decline despite carrying APOEe4, which is observ-
able in case of good cerebrovascular health and less pronounced
amyloid-p accumulation (259, 260). In rodents, there is explicit
experimental evidence that a second X chromosome can boost resil-
ience to AD (261). Last, sex-stratified genome-wide association
studies (GWASs) indicate that the genetic basis for resilience to
develop AD may be sex specific. It may primarily link to immune-
related pathways in females and cardiovascular-related pathways in
males (262). These results suggest that sex-informed approaches will
be of relevance to disease prevention and mitigation.

Sex differences in acute ischemic stroke

Ischemic stroke is the most frequently occurring kind of stroke and
happens when the brain is subjected to insufficient blood supply due
to an obstructed vessel (263). If it is deprived of adequate perfusion
for a crucial amount of time, the brain tissue in the vessel’s supply
territory undergoes cell death and stops functioning normally. This
stroke-related abnormal function results in typical combinations of
neurological symptoms. One in four adults experiences a stroke in
their lifetime (264) and a substantial number of patients remains
considerably disabled (265). Therefore, stroke creates a substantial
socioeconomic and personal burden of disease, that, like for AD, will
only increase in future years in view of an aging society (266, 267).
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Also similar to AD, research has revealed a great variety of sex dif-
ferences affecting stroke incidence, symptoms of presentation, risk
factor profiles and stroke etiology, outcome, therapeutic approaches,
and efficacies. The initial passages of this section predominantly
state findings from research involving human participants. Later
passages then also feature research findings originating from exper-
imental work with animals.

Sex differences in stroke incidence and clinical presentation
Sex differences in ischemic stroke incidence differ throughout the
life span and appear to follow a U-curve. Stroke incidence is higher
in younger females, which is likely due to their unique risk profile.
In particular, oral contraceptive use and pregnancy-associated com-
plications, such as preeclampsia, increase the stroke risk severalfold
(268-270). Stroke incidence is then higher in males in midlife (271),
before it increases again in females late in life (272, 273). Classically,
it has been assumed that female patients more frequently present
with atypical stroke symptoms, which may explain their higher rate of
(mis)diagnoses as stroke mimics (274, 275). Females do have a higher
rate of migraine leading to true stroke mimics (276). Meta-analytical
data also suggest that they present with nonfocal symptoms, such
as headaches, generalized weakness, confusion, and mental status
changes, more often (277, 278). Nonetheless, it does not come at
the expense of focal symptoms: Generally, similar percentages of
motor and speech deficits are observed for male and female patients
(277, 278). The five most frequent symptoms of stroke have been
found to be similar across males and females (279).

Sex differences in risk factor profiles

Cardiovascular risk factors are well known to substantially influence
the occurrence of stroke. They factor into common categorizations of
stroke etiology, have therapeutic relevance, and affect outcomes. All
these realizations make the study of their sex-specific characteristics
particularly essential. Conceivably, males and females can experience a
specific risk factor at varying rates, and/or the risk factor can affect
their risk of stroke in sex-specific ways. The efficacy of their treatment
is yet another dimension. One of the greatest nonmodifiable stroke risk
factors is simply age. Female patients are typically several years older at
stroke onset than male patients are (280, 281). This difference in age
correlates with their generally higher burden of comorbidities and pre-
stroke disability (282). The metabolic syndrome describes a collection
of risk factors that frequently cluster: insulin resistance, abdominal
adiposity, dyslipidemia, and hypertension. Its presence is an important
risk factor for stroke across both males and females, with a stronger
effect in females (283, 284). However, males, on average, experience
symptoms of the metabolic syndrome earlier in life (285). Of note,
patients with Turner syndrome, i.e., X chromosome monosomy (45, X),
oftentimes experience a wide range of these conditions, namely, dia-
betes mellitus, hypertension, obesity, and dyslipidemia (286, 287).
Likely as a result, they have a higher prevalence of stroke that has
marked effects on their life span (287, 288). The high frequency of car-
diac malformations and the higher risk of aortic dissections in this syn-
drome are also implicated in increased stroke risk (289, 290). In terms
of frequency, males are more likely to smoke and drink more alcohol.
Both aspects represent further stroke risk factors (280, 282). In case of
smoking, meta-analytical data speak of smoking being a risk factor of
equal strength in both males and females (291). Only in subgroups did
it appear that smoking was more harmful in females in Western
regions, yet not in Asian ones (291). Of note, quitting to smoke confers
a risk reduction of similar strength in both males and females (291).
Atrial fibrillation is another stroke risk factor of particular importance
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as atrial fibrillation—related cardioembolic strokes tend to be particu-
larly severe (292). Broadly, male sex is linked to a higher risk of atrial
fibrillation, but absolute numbers for males and female patients are
comparable (293). These comparable absolute numbers are explained
by the fact that age is a main risk factor for atrial fibrillation and
females are older on average (293). Furthermore, female patients with
atrial fibrillation and additional cardiovascular risk factors more often
present with stroke. The CHA2DS2-VASc score, which evaluates the
necessity of oral anticoagulation in case of atrial fibrillation, acknowl-
edges this sex-specific risk by adding an extra point for female sex
(294). Study data indicate that female patients with atrial fibrillation
may have a higher residual risk of stroke even when treated with war-
farin (295). Sex differences in stroke risk factors are mirrored by differ-
ences relating to stroke etiology: Large vessel occlusion stroke is
consistently more often observed in males, while the opposite is true
for cardioembolic strokes (296, 297). Overall, males are affected by
more severe atherosclerosis earlier in life (298, 299). This increased se-
verity is indicated by a higher vulnerability of their plaques, which is
true for both cerebral arteries (298, 299) and coronary ones (300). In
addition, males appear to have a higher burden of lacunar stroke
(296, 297) and tend to experience CSVD more often (209). This is a
sex difference we already alluded to in the previous section on AD.
CSVD is radiographically characterized by white matter hyperintensi-
ties (WMHSs) (301). WMHs are also increased in small vessel stroke
subtypes (302). They have been found to evolve with sex- and
menopause-specific time courses: Females, compared to males of
similar age, appear to have a higher WMH burden and accelerated
worsening evident only after menopause (303).

Sex differences in stroke severity and stroke sequelae

Female patients typically experience a higher stroke severity on ini-
tial presentation and more severe long-term stroke sequelae. In
many cases, these differences survive the correction for confound-
ing factors, such as the female-specific higher age and prestroke
disability (265, 297, 304-307). Despite this disproportionally high
severity, females are less likely to die from stroke (266, 305, 308).
Cognitive impairment and dementia are frequently noted symp-
toms poststroke (309). Large population studies suggest a 50-fold
increase of dementia risk compared to the general population (310).
With respect to sex differences, study data suggest that females may
experience an acceleration of cognitive decline poststroke (311).
More specifically, female patients may have a higher risk of distur-
bances of language, attention, and executive functioning, which is
contrasted by a higher risk of verbal memory disturbances in males
(312). The sensitivity of the Mini Mental State Examination was
found to be more sensitive but less specific in detecting relevant cog-
nitive deficits in females compared to males (312). This finding once
again underscores the importance of ensuring validity of common
measurement instruments in distinct subgroups. Poststroke depres-
sion affects one-third of patients with stroke (313, 314) and corre-
lates with an increased burden of disability and higher rate or
mortality (313, 315). As is the case for major depression, poststroke
depression occurs more frequently in female patients (45, 316, 317).
Possible origins of sex differences based on experimental work
Why do these sex differences in stroke severity and further symp-
toms arise? Experimental work with rodents may grant some fur-
ther mechanistic insights and motivate hypotheses for future work.
As already briefly mentioned in our section on sex hormones, early
work with rodents indicated that lesion size after experimental
stroke was larger in young male rats than in female ones (318). After
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ovariectomy and a decrease in endogenous estrogen levels, lesion
sizes in female rats resembled those in males (318). These observa-
tions put estrogen and its potential neuroprotective and additionally
noted vasculoprotective effects at center stage. A rich collection of
subsequent experiments disentangled effects further (319): In female
rodents, lesion size was found to depend on the stage of the estrous
cycle (320, 321). Larger lesions were noticed in metestrus character-
ized by low estrogen levels (320, 321). Estrogen replacement in both
male (65) and ovariectomized female animals (69, 322) decreased
lesion sizes overall. This finding is consistent with reports from
studies on myocardial infarction (300). Nevertheless, these studies
also demonstrated the importance of appreciating the subtleties of
experimental setups. Results slightly differed depending on timing,
route, and dose of estrogen replacement: e.g., long-term versus
short-term application, time after vessel occlusion, and physiologi-
cal doses versus supraphysiological ones. Despite a main study focus
on estrogen, there is also evidence of positive effects of progesterone
on ischemic injury and functional recovery when administered in
the postischemic phase (69, 323, 324). Sporadic reports indicate
dose- and time-dependent positive effects of testosterone (325, 326).
On a cellular level, male-derived hippocampal neurons and astro-
cytes experience greater ischemic injury than female-derived ones
(327-330). More generally, cell death pathways are assumed to be
influenced by biological sex (331, 332). For example, male neurons
were shown to be more vulnerable to excitotoxic cell death and
female ones were shown to be more prone to experience apoptotic
(programmed) cell death (333). Neuronal injury triggers neuroin-
flammatory processes and, similar to AD, microglia may have cen-
tral roles. They support phagocytosis, reduce neuroinflammation,
and facilitate neuronal repair (334). These anti-inflammatory func-
tions appear to be more enhanced in female microglia (335). Accord-
ingly, transplanting female microglia into male mice was found to
be neuroprotective (218, 336). In rodent models, the APOE geno-
type seems to modify the responsiveness of microglia to estrogen:
Anti-inflammation seems to be reduced in the case of APOEe4
(337, 338). Last, emerging research suggests that the microbiome-
gut-brain axis contributes to a sex-specific inflammatory response
to stroke. Exemplarily, a higher gut permeability and the associated
higher systemic inflammatory response could be linked to worse
stroke outcomes and a higher risk of hemorrhagic transformation in
male rodents (332, 339, 340). Taking everything into account, cur-
rent results of experimental work in rodents are illustrative, but do
not explain why outcomes in patients with stroke are typically worse
in females.
Possible origins of sex differences based on human studies
Unlike in AD, preclinical and clinical studies in stroke are less closely
matched and have varying focuses. With respect to lesion volume,
there are only a few human neuroimaging studies that separately
evaluated lesion volume in male and female patients: They did not
detect any sex differences (304, 341, 342). However, there are no
studies specifically investigating associations between the level of
sex hormones and lesion sizes in humans. Hence, it is a possibility
that lesion volume did not differ between male and female patients,
as most female patients experienced stroke after their menopause.
There are several conceivable origins of sex differences in the pre-
sentation and severity of stroke. They could be (i) due to sex varia-
tions in neuroanatomy, (ii) due to differences in how brain structure
relates to brain function, and (iii) variations in mechanism-related
lesion distributions and frequencies. Regarding neuroanatomy,
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there are several defined variants of the circle of Willis that repre-
sents the backbone of cerebral blood supply by connecting anterior
and posterior circulations (343). Some of these variants even have
described associations to sex (344). However, these sex-specific
variations do not relate to the middle cerebral artery, which is the
most relevant vessel with respect to ischemic stroke (345). Vessel
diameter (346-348), cerebral blood flow (349-351), and collateral
status (352, 353) have also been found to be influenced by sex. In the
context of stroke, missing collaterals are linked to more unfavorable
outcomes across male and female patients. Good collateral status,
however, is specifically linked to better outcomes in male patients, as
compared to female patients (353). With respect to stroke mecha-
nisms and lesion distributions, cerebral atherosclerosis may manifest
in a sex-specific fashion. Early data suggested a male predominance
for intracranial atherosclerotic lesions (354). More recent data rather
point toward more extracranial atherosclerosis in males (208). For
intracranial atherosclerosis, there are no consistent report of differ-
ences (208, 299). At least one recent large-scale study that recruited
~6500 patients with acute ischemic stroke noted more frequent
symptomatic stenoses of the middle cerebral artery in female patients
that went along with more frequent striatocapsular stroke injury
(342). This constellation was contrasted with more frequent extra-
cranial internal carotid and vertebral artery stenoses, as well as more
frequent cerebrocortical and cerebellar strokes in males (342). The
authors of this study hypothesized that these differences in lesion dis-
tribution could explain the sex differences seen in stroke severity to a
substantial amount. Overall, this study represents one of the few that
explicitly tested for sex differences in lesion anatomy and its findings
contrast those of other studies that did not find any (341, 355, 356).
Future research is warranted to resolve this discrepancy.
Independent of differences in structural lesion distributions, it is
possible that similarly configurated lesions cause different patterns
of stroke symptoms depending on whether they occur in a female or
male brain. Lesion-symptom studies have traditionally been very
valuable to infer functions of individual brain regions (357, 358).
Despite their century long history, only a few studies have evaluated
the impact of biological sex. Some of the earliest sex-specific reports
stem from studies of patients with lesion in the 1960s and 1970s.
They were particularly centered on elucidating sex-specific lesion
effects on intelligence (10, 359) and sex differences in hemispheric
asymmetry (360, 361). Sex-specific lesion-symptom associations
with respect to stroke severity and more classic stroke outcomes
have been reported only recently. It was found that left-hemispheric
stroke lesions in the vicinity of the posterior circulation were linked
to a higher stroke severity (341, 342) and worse functional outcomes
(355) specifically in females.
Sex differences in stroke treatments
Intravenous thrombolysis (IVT) and endovascular thrombectomy
(EVT) are the mainstays of stroke treatment in the acute time win-
dow (362). Several meta-analyses indicate that female patients were
underrepresented in stroke trials, e.g., due to their older age and
poorer prestroke functional status (363, 364). This circumstance will
require some changes in recruitment strategies in future years (365).
On the basis of existing human data, the following conclusions are
possible: IVT was introduced in 1995 (366) and subsequent meta-
analytical evaluations indicated a lower rate of utilization in female
patients (367). Data from more recent years suggest that this diver-
gence has since decreased (368), if not resolved (297, 369). Of note,
independent of utilization rates, clinical outcomes after IVT do not
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appear to differ between male and female patients (370). On the
whole, EVT appears to be equally used in female and male patients
(371). Possibly, there are some regional patterns and a higher fre-
quency of EVT in female patients in Europe (297, 369). Similar to
IVT, main outcomes after EVT do not seem to differ between females
and males. This has been shown by post hoc evaluations of trial data
(372), registry data (373, 374), and especially also those analyses
that carefully accounted for sex differences in further sociodemo-
graphic and clinical characteristics (375). Perhaps, though, there is
some excess gain in disability-adjusted life years in female patients
after EVT (376).

The clinical approval of medications targeting a reduction in
poststroke neuroinflammation is still pending. Minocycline, a tetra-
cycline, has been shown to reduce neuroinflammation in rodent
studies (377) and to improve clinical outcome in humans in small
clinical trials (378). Effects were observed to be greater in male pa-
tients (379). Despite the promising preclinical findings of estrogen
poststroke emphasized in earlier sections, there has not been a trans-
lation to actual clinical management of acute stroke to date (331).
Ambitions to perform human studies on the effects of hormone
therapy largely subsided after the humbling findings of increased
stroke risk in the Women’s Health Initiative mentioned earlier
(246, 380). On top of that, smaller trials with human participants
indicated increased stroke severity with hormone therapy (381). It
should be noted, however, that the nature of these human studies
was disease prevention, rather than acute treatment. Moreover, hor-
mone therapy in humans included a combination of estrogen and
progesterone, which is different from the common paradigms in ex-
perimental work featuring only one sex hormone. Altogether, more
work will be needed in future years that appreciates the subtleties in,
e.g., route, dosage, and timing of hormonal therapy. It will also have
to consider the potential systemic effects of estrogen, going beyond
the brain.

Further neurological diseases

In this review, we have focused on two of the most prevalent and
disabling neurological diseases that are more frequently observed in
advanced age. We do want to remark that distinctive sex differences
are also clearly apparent for neurological diseases that can manifest
at any younger and premenopausal age as well. Simply considering
prevalences, most neurological diseases have a predilection for a
specific sex. In case of MS, females are more susceptible to the disease
than males are (382, 383). This may be an expected difference based
on general evaluations of sex differences in autoimmune diseases
(384). Nonetheless, males diagnosed with MS experience worse
disease progression (385). A decreased relapse probability during
(late) pregnancy, followed by an increase in the first few months
postpartum may hint at sex hormone influences on disease activity
(386). Migraine, which is one of the most prevalent headache disor-
ders, has an incidence ratio of 2:1 to 3:1 for females compared to
males (387). Females additionally report more severe characteris-
tics, such as longer headache duration, more frequent recurrence,
and greater disability (387). The link between hormonal variations
during regular menstrual cycles appears to be particularly strong,
which created the diagnostic entity of menstrual migraines (388). In
contrast, males are, in general, more likely to suffer from brain
tumors, which aligns with general trends for malignancies (389).
Effects are most pronounced for ependymoma and certain subtypes
of high-grade glioma (390). Similarly, the incidence of epilepsy is
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overall higher in males (391). Some variations are apparent for spe-
cific forms of epilepsy. For example, catamenial epilepsy describes
seizures in females that are more frequent in specific stages of the
menstrual cycle (392). Parkinson disease (PD) is both more preva-
lent and more severe in males (393). It was found that genes impli-
cated in the pathogenesis of PD, if mutated, are up-regulated in
males, but not in females (394). Also, the dopaminergic system is
central to the pathophysiology of PD. Dysfunction of the dopami-
nergic system is associated with cognitive decline, and experimental
work suggests a neuroprotective effect of estrogen (140, 395). In addi-
tion, estrogen appears to increase dopamine efficacy (140, 395).
Last, we did not elaborate on stark sex differences in comor-
bidities of neurological disease, such as accompanying depression
(317, 396). We also did not comment on sex differences arising for
the pharmacokinetics (absorption, distribution, metabolism, and
excretion) and pharmacodynamics of a multitude of implicated
drugs (397, 398). Those differences can, for example, lead to a more
severe side effect profile in females with an, on average, smaller body
habitus. To name a specific example, female patients with PD expe-
rience a greater severity of levodopa-induced dyskinesias (399).

FURTHER REMARKS AND OUTLOOK

Biological sex, through genetics, epigenetics, and sex hormones, has
vast effects on the human brain. In health and homeostasis, many of
these differences between male and female brains may be concealed
and inapparent, as sex differences in microscopic brain structure
compensate for effects of sex hormones with innately varying levels
in males and females (73, 400). Brain disease, which disrupts this
homeostasis, may hence be one of the lenses through which to effec-
tively examine cerebral sex differences. Studying sex differences in
the diseased brain may help us gain greater understanding of under-
lying anatomy, mechanical processes, ensuing presentations, and
therapy efficacies.

While each neurological disease entity has its own specific patho-
physiology and defining clinical syndrome, many of the main themes
relating to sex-specific mechanisms and the research thereof gener-
alize from one disease to the next. The role of sex hormones in
neuroprotection, neuroplasticity, and memory and their potential
therapeutic usage, sex-specific involvements of the immune system,
microglia in particular, and interactions of sex and aging and effects
of central genetic variants, such as APOEe4, are, for example, studied
within each disease category.

Therefore, a greater awareness of each field’s progress, encoun-
tered obstacles, and their solutions has the potential to substantially
enhance and accelerate research into sex differences. Intensified
dialog may even prompt innovative ideas to start out with (401). To
name some concrete examples resulting from our review: It could be
fruitful to alternate a disease-focused approach with a mechanism-
or symptom-focused one. For example, one could compare results
of estrogen treatment effects across health and various diseases in
experimental and clinical setups. Naturally, intensified cross-talk
between preclinical and clinical research teams has the potential to
close gaps and contribute to explain why so many findings between
preclinical and clinical work differ. It may help to fully appreciate
systematic differences in study properties, such as the exact experi-
mental model, age of animals or humans, and recorded metrics. It
may motivate their careful comparison and eventually inspire each
other’s next immediate steps.
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Moreover, some fields may classically be more advanced with re-
spect to certain topics and represent a source of insight and inspiration.
One example is the concept of brain and cognitive reserve that has been
intensely studied in AD (402) but has only begun to draw attention in
the stroke field (403). In contrast, cardiovascular risk factors and poten-
tial modification by sex have been deeply studied in stroke. These re-
sults may be of immediate relevance to other diseases. Moreover, many
neurological diseases coincide and are complicated by the same comor-
bidities. One of the most well-known brain pathology studies, for ex-
ample, notedthat,atdeath,asubstantialnumberof community-dwelling
older persons had evidence of both AD and cerebral infarction (404).
Further, the APOEe4 variant is known to have (sex-specific) effects on
multiple neurological diseases (179, 405, 406), and depression compli-
cates most neurological diseases (317, 396). Thus, it is even more rele-
vant to understand how sex differences may affect multiple diseases and
the healthy brain at the same time.

Last, the review of sex differences across neurological diseases
and their origins is, first and foremost, an impressive demonstration
of the brain’s complexity due to the multilayered interplay of

Box 1. Directions for future sex-informed research of neurological
diseases.

Historically, there has been a predominance of males in both experimental
and clinical work, with ambitions for adjustment and rectification in the
last decade. On the other hand, most studies on the effect of estrogen
have been conducted in females and the nature of effects is less known in
males. Furthermore, many studies involving human participants do not
explicitly differentiate between sex and gender (281, 409). It is rare that
human participants are asked about their sex at birth, and it is usually
assumed by the rater or data collector. It may be the case that reported
sex and sex at birth are aligned in most cases. However, it is currently
difficult to disentangle related effects. Overall, sex, gender, and social
identities in their entirety (408) should become naturally and
automatically reported and evaluated variables. More sex- and gender-
informed studies that go beyond a binary delineation and aim for
sufficiently large subgroups are also needed. Specifically, those studies
should evaluate relevance for sex- and gender-specific approaches to
preventative and therapeutic regimen.

Future work should focus on building large and comprehensive
datasets that capture data in greater granularity. For example, in female
patients, more variables with respect to reproductive history should be
recorded. Sex hormones, i.e., estrogen, progesterone, and testosterone, in
addition to, e.g., oxytocin, prolactin, LH, FSH, and cortisol, could be
measured on a more regular basis and investigated in greater detail.
Another improvement could be the routine measurement of patient-
reported outcomes (410). Data that are gathered in clinical routine should
be made more readily available for analysis by collaborative research
teams. At best, individual centers in various countries and continents will
harmonize their approaches.

Past studies in AD and stroke indicate that some testing instruments,
such as the Mini Mental State Examination (372), may have sex-specific
sensitivities. Therefore, it will be paramount to ensure that tools are
similarly sensitive in subgroups to prevent missed diagnoses and capture
meaningful outcomes to all patients.

Future work in both animals and humans should embrace the
complexity of multiway interactions, such as structure-function-behavior
or sex-age, and more regularly consider multisystem effects, such as the
gut-brain axis or immune system-brain effects. Sex chromosomes should
be included more regularly in GWASs, as incentivized by promising recent
findings (785).
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structure and function underlying behavior. Understanding sex dif-
ferences necessitates understanding subtle processes from micro- to
macroscale (44). It requires taking into account dynamic changes
of sex hormones and neurotransmitters, particularities of specific
brain regions, explicit timings, and the overall age and constitution
of participants. In practical terms, these requirements imply, at best,
an understanding of research that ranges from experimental work
with cells, rodents, monkeys, and humans, to epidemiology and
clinical trials. It requires understanding techniques and their results
from areas such as genetics, biochemistry, pathology, and neuroim-
aging. It benefits from the ability of handling large datasets and
complex statistical modeling beyond linear relationships. While
historically exceeding realistic capabilities of a single researcher, Al
may help to allow for groundbreaking advancements to address out-
standing questions (407).

We would like to point out that considering biological female and
male sex as done in this review represents a simplified version of in-
vestigating the effects of sex. We did not explore the effects of gender
or sexual orientation and associated psychosocial and cultural fac-
tors on brain organization and function (408). These psychosocial
and cultural factors, for example, comprise lifestyle, help-seeking
behavior, economic power, and access to health care. Gender-related
behaviors are assumed to affect epigenetic changes with resulting
modifications of sex-related effects (12). Another limitation may be
seen in the fact that we evaluated sex differences in only a binary
fashion. Therefore, despite the richness of displayed studies, a lot
more work is needed to eventually generate the most effective thera-
peutic regimen for each individual patient (Box 1). In the end, we
hope to have conveyed some examples of how the study of sex differ-
ences in neurological disease in preclinical and clinical work informs
our understanding of the brain in general and holds promise to aug-
ment brain health and treatment of brain disease for each individual
patient in the actual sense of precision medicine.
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