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Abstract

Sex and gender—biological and social constructs—significantly impact the prevalence

of protective and risk factors, influencing the burden of Alzheimer’s disease (AD;

amyloid beta and tau) and other pathologies (e.g., cerebrovascular disease) which

ultimately shape cognitive trajectories. Understanding the interplay of these factors

is central to understanding resilience and resistance mechanisms explaining main-

tained cognitive function and reduced pathology accumulation in aging and AD. In

this narrative review, the ADDRESS! Special Interest Group (Alzheimer’s Association)

adopted a multidisciplinary approach to provide the foundations and recommenda-

tions for future research into sex- and gender-specific drivers of resilience, including

a sex/gender-oriented review of risk factors, genetics, AD and non-AD pathologies,

brain structure and function, and animal research. We urge the field to adopt a

sex/gender-aware approach to resilience to advance our understanding of the intri-

cate interplay of biological and social determinants and consider sex/gender-specific

resilience throughout disease stages.

KEYWORDS

brain maintenance, cardiovascular, cognitive decline, cognitive reserve, education, genetics,
inequalities, lifestyle, TDP43

Highlights

∙ Sex differences in resilience to cognitive decline vary by age and cognitive status.

∙ Initial evidence supports sex-specific distinctions in brain pathology.
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∙ Findings suggest sex differences in the impact of pathology on cognition.

∙ There is a sex-specific change in resilience in the transition to clinical stages.

∙ Gender and sex factors warrant study: modifiable, immune, inflammatory, and

vascular.

1 INTRODUCTION

There is considerable inter-individual variability in the response to

Alzheimer’s disease (AD) pathology such that some individuals are

able to cope better and maintain cognitive function over time. Indeed,

≈ 30% of older adults meet neuropathological criteria for AD at

autopsy, yet remain cognitively unimpaired throughout life.1,2 The

concept of resilience aims to explain the disconnect between pathol-

ogy and cognition, and refers to the brain mechanisms explaining the

capacity of the brain to maintain cognitive function with aging and

disease.3–6 The recognition of a long preclinical phase before the

appearance of the clinical symptoms in AD and the potential to inter-

vene during this phase7 has drawn attention to the identification of

modifiable factors that may postpone the development of cognitive

impairment.

Studies using in vivo AD biomarkers have also demonstrated that

some individuals showabsenceor lowburdenof pathologies in the con-

text of heightened risk, and suggested that some modifiable factors,

such as physical and cognitive activities, are linked with lower burden

or slower accumulation of AD pathologies.4 The concept of resistance

to pathologies refers to the notion that, in the context of height-

ened risk, some individuals show absence or lower-than-expected

pathological burden.4,6

Recently, there has been increasing awareness of the relevance of

studying sex- and gender-specific drivers of resistance and resilience

in AD. Women, who make up the majority of AD patients, experi-

ence a 2-fold higher lifetime risk and greater mortality compared

to men.8,9 Higher women’s life expectancy in aging and AD10 may

contribute to variations in lifetime dementia risk, while incidence

differences across genders remain unclear,11 with conflicting study

findings.12–14 An important factor to consider is that differential risk

and resilience may be driven by factors related to sex—referring to

an individual’s sex chromosome complement (XX vs. XY)—or gender—

referring to socially constructed roles, identities, and behaviors—or

an intersection of both.15 However, there is a dearth of literature

available focusing explicitly on sex/gender differences in resilience. A

sex- and gender-aware resilience framework in AD ought to extend

beyond mere description of sex- and gender-related differences and

articulate sex and gender to achieve a comprehensive understand-

ing of the sex- and gender-related pathways leading to cognitive

decline and dementia or the prevention of it. In line with this, it is

essential to highlight that the investigation of factors associated with

resilience in AD have mainly been tackled from an individual-level

perspective (e.g., the level of educational attainment). An individual-

level perspective disregards how societal-level factors and cultural

determinants, including gender, race, ethnicity, and their intersec-

tions influence individual behaviors,16 explain differential mechanisms

of risk and resilience, and interact with biological risk (e.g., social

factors play a role in shaping educational attainment). The scarce

available evidence from sex/gender-stratified studies also suggests

that widely investigated determinants of reserve such as educa-

tion and occupation may show differential effects in women and

men.17

The overall objective of this narrative review is to present the avail-

able evidence on sex and gender differences in resilience to AD and

establish the foundations for future research. We will first provide a

state-of-the-science review and perspective on existing studies formu-

lating testable hypotheses. Then, we will discuss how animal research

could aid in the understanding of sex differences in resilience. Finally,

we will identify existing research gaps, and provide directions and

recommendations to integrate sex and gender into research studies

investigating cognitive resilience to aging and AD.
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RESEARCH INCONTEXT

1. Systematic review: Through conventional literature

sources, we identified sex/gender differences in demen-

tia risk with a gap in understanding specific risk and

resilience pathways. In aging and Alzheimer’s disease

(AD), resilience to cognitive decline may stem from

factors linked to diminished pathologies—resistance—or

to their limited impact on cognition—resilience—thereby

influencing dementia risk.

2. Interpretation: Resilience to cognitive decline should

be envisaged considering age, cognitive status, and risk

factors within a sex/gender-aware framework. Initial

evidence supports sex/gender differences in underlying

pathologies—women show lower resistance to tau and

distinct vulnerabilities to cardiovascular disease com-

pared to men—and in the ability to cope with the effects

of amyloid andatrophy—with initially enhanced resilience

being lost in women as they transition to clinical stages.

3. Future directions: Studies on factors accounting for dif-

ferential resilience including exposure to risk factors,

pathologies, sex, and inflammatory and vascular path-

ways are warranted.

2 SEX AND GENDER IN THE RESISTANCE AND
RESILIENCE FRAMEWORK: TERMINOLOGY

2.1 Sex and gender: biological versus social
constructs

Sex refers to an individual’s sex chromosome complement (XX vs. XY),

which is reflected in the reproductive organs.18 An individual is defined

as being male or female according to genetics, anatomy, and physiol-

ogy. This construct has limitations as growing evidence demonstrates

the existence of non-binary and intersex populations.19 By contrast,

gender is a social construct that refers to socially constructed roles,

identities, and behaviors.20 Gender is a multifaceted and fluid con-

struct that is influenced by prior, as well as contemporaneous, social

and cultural contexts and environments.

Conventionally, sex has been regarded as a confounding factor (and

therefore controlled for) in resilience studies; here, however, we argue

that this construct is central to the study of resilience and reserve.

The most widely investigated determinants of reserve and resilience,

for example, education, are highly gendered. Therefore, the results of

studies using gendered determinants of reserve and resilience, such as

years of education, need to be interpreted within a broader gender-

oriented framework in which women traditionally have had fewer

opportunities for higher education. Only this level of understanding of

the determinants of resilience will ensure precise approaches to build-

ing models of reserve and resilience at an individual, population, and

societal level.

There are several limitations when assessing sex and gender (often

self-reported) in human research, particularly when attempting to dis-

entangle their specific effects as they are intrinsically linked. Here

we will refer to “women” and “men” when discussing human stud-

ies without explicit investigation of biological pathways, and “male”

and “female” when discussing animal models or referring to potential

biological pathways. We will approach gender from a binary per-

spective, given the very scarce existing literature on other gender

identities. Health disparities have been reported in sexual and gender

minorities21 whichmay in turn have profound effects on individual risk

and resilience for cognitive decline. Therefore, we do acknowledge the

need for research in sexual and gender minorities as discussed in the

Recommendations section.

2.2 Resilience and resistance to AD

The Collaboratory on Research Definitions for Reserve and Resilience

in Cognitive Aging and Dementia22 established a consensus on the use

of resilience as an umbrella term4 encompassing different mechanisms

about “the capacity of the brain to maintain cognitive function with

aging and disease” including brain reserve, brainmaintenance, and cog-

nitive reserve.23–26 Briefly, these concepts refer to brain mechanisms

including greater neurobiological capital to start with, maintenance

of brain structure and function over time, or greater adaptability of

cognitive strategies.4

In the AD field, there has been an increasing consensus on the

conceptual separation of the notions of “coping” with AD patholo-

gies versus “avoiding” AD pathologies. We refer to these as resilience

(coping) and resistance (avoiding). In the context of AD biomarker

studies, this terminology presents with the advantage of separating

factors that may help halt the development of AD pathologies (amy-

loid [A]/tau[T]) (“resistance”) versus delay processes downstream toAT,

that is, neurodegeneration (N) and the clinical expressionof thedisease

(“resilience”).4,5

Thus, in AD, resilience refers to the ability to attenuate the detri-

mental effect of risk (i.e., age, apolipoprotein E [APOE] ε4) and/or
pathology (i.e., amyloid beta [Aβ], tau) on cognitive performance.

Therefore, a measure of resilience could be the extent to which cog-

nitive performance is better than expected at a given level of risk or

pathology.27 Resilience is also investigated in observational studies

in which risk and protective factors are considered to mitigate the

associations of risk or pathology with cognitive decline.4 The brain

properties and mechanisms underlying resilience to AD are currently

under intense investigation in the field.28

In the context of AD, resistance to pathologies refers to the notion

that some individuals may show absence or low pathological bur-

den when it is expected (i.e., in the context of heightened risk). It is

important to note that the absence of pathology alone does not imply

resistance.4,6 The rationale for this concept is that, while very old

age and genetic factors may drive AD-related pathology and cognitive
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TABLE 1 Description of the terminology resilience/resistance in the context of AD. The terminology refers to the outcomes (e.g., cognitive or
brain measurements) relative to investigated pathology or risk factors. The table provides selected examples for clarity. Lower-than-expected
pathologies or better-than-expected outcomes refer to superior results than expected given the level of risk.

Primary outcome Resistance/resilience

Pathology/risk

factor Meaning

Cognitive (cognition) Resilience to Tau The study investigates factors that attenuate the

impact of tau on cognition

Cognitive (cognition) Resilience – The study investigates factors that explain

better-than-expected cognition in the context of

aging or disease

Cognitive (cognition) Resilience to APOE ε4 The investigation evaluates factors that attenuate

APOE ε4’s effects on cognitive outcomes

Brain Resilience to Amyloid The study investigates factors that minimize the

effect of amyloid on brain structure and/or

function

Brain Resilience The study investigates factors that explain better

brain outcomes in the context of risk (aging or

disease)

Resistance to Amyloid The study investigates factors associatedwith

absence or lower-than-expected amyloid levels

Resistance to Tau The investigation focuses on factors associated with

absence or lower-than-expected tau

Abbreviation: AD, Alzheimer’s disease; APOE, apolipoprotein.

decline, some individuals “avoid” (ormitigate) the effects of risk factors

and show none or lower than-expected pathologies.

When using this terminology, it is important to also consider the

brain/cognition axis. Cognition theoretically operates at the highest

level of abstraction, as it is the result of lifetime exposure to risk

and protective factors, brain pathologies, and the ability of the brain

to cope with them. Therefore, we considered two broad pathways

that may result in maintained cognition in aging and disease: (1)

lower presence of pathologies in the context of risk (resistance to

pathologies such as amyloid or tau), and (2)morepreservedbrain struc-

ture/function and/or more efficient neural resources to compensate

for pathology (brain resilience).3,20,24 These mechanisms/pathways

are determined by a complex interplay of genetic and environmental

factors.

To ensure clarity throughout the paper, we will adopt a terminol-

ogy that refers to the outcome (e.g., cognitive or brain measurements)

and pathologies studied as explained in Table 1: for example, “cognitive

resilience to tau,” “brain resilience to tau,” or “resistance to amyloid.”

The term “cognitive resilience” will be used when talking about stud-

ies in the context of aging or risk while not directly addressing brain

pathologies or brain mechanisms.

Studies investigating factors andmechanisms associatedwithmain-

tained cognitive function in aging and disease typically revolve around

a framework comprising three components: (1) risk/protective factors,

(2) biomarkersof agingorpathologies, and (3) cognitivemeasurements.

Sex and gender may influence the prevalence, level and trajectory

of each component, and the relations between them as illustrated in

Figure 1.

3 SEX AND GENDER DIFFERENCES IN
COGNITIVE RESILIENCE

In this section, we discuss sex and gender differences in baseline and

cognitive trajectories. As supported by the evidence presented below,

there is greater consensus on the sex/gender differences in cognitive

abilities at baseline than on cognitive trajectories. While one could

argue that baseline sex differences will set the stage for higher cogni-

tive resilience and thus a delayed onset of cognitive impairment, the

evidence for sex differences in cognitive trajectories is inconsistent.

The findings presented in this section suggest that sex differences in

cognitive resilience should be envisaged by age period, cognitive status

(normal aging vs. disease), and through the consideration of health and

sociocultural risk factors.

3.1 Sex/gender differences in baseline cognition
and cognitive trajectories

Cross-sectionally, women generally show better memory, notably, ver-

bal and episodic memory, although better executive functioning in

women has also been reported.29–32 Men tend to show better visu-

ospatial skills, but this is a less consistent finding.33,34 The memory

advantage in women seems to be stable across the lifespan and still

present at very old ages. For instance, at > 75 years, women perform

better in verbal episodic memory than men.35,36 Overall, these find-

ingsmay imply a consistentmemory advantage inwomen as illustrated

in Figure 2A. These sex differences have been reported independent
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F IGURE 1 Illustration of resilience and resistance frameworks considering sex and gender effects and associated factors. Sex- and
gender-related protective factors may act through increasing resistance and resilience to ultimately impact cognitive resilience.We are providing
examples of sex- and gender-related factors shown to have an impact on pathologies, brain structure and function, or cognitive decline. APOE,
apolipoprotein; TDP43, Tar DNA-binding protein;WMH, white matter hyperintensities

of demographics including age, race/ethnicity, education, clinical mea-

surements (i.e., blood pressure), and age-related brain changes,37,38

suggesting a robust sex-specific advantage across cognitive domains.

Recent work with a sociocultural perspective, however, has found

interactions of sex/gender with race/ethnicity,39 implying that the

intersection of sociocultural variables and sex/gender requires more

attention.

By contrast, results regarding sex differences in rates of cogni-

tive decline are controversial. Longitudinal studies considering the

adult lifespan suggest that sex discrepancies in memory perfor-

mance become particularly salient at40 or after the age of 40.37

Slower memory decline in women at the age of 40 and greater

decline in women after the age of 60 were reported in the same

study.40 In cognitively unimpaired cohorts with an average age of ≈

60 years, however, a range of findings have been reported: no sex

differences,41 slower decline in women across cognitive domains or

only in perceptuomotor speed, integration, and visuospatial ability.34

In later life (60s–80s), results seem more consistent, with a meta-

analysis reporting no sex differences.42 Finally, in the oldest old

(> 80 years), evidence suggests no sex differences in cognitive

trajectories.36 Figure 2B illustrates sex-specific cognitive trajecto-

ries with a lower decline after the age of 40 in women, inconsis-

tent results around the age of 60, and no sex differences at older

ages.

Another set of findings suggest that there might be a criti-

cal loss of cognitive resilience that women demonstrate as they

progress from normal aging to a diagnosis of cognitive impairment

and dementia as illustrated in Figure 2C. Hence, in the context

of pathological aging, women with mild cognitive impairment (MCI)

showed greater cognitive decline than men (as measured by the

Alzheimer’s Disease Assessment Scale–Cognitive subscale).43 Fur-

ther, studies looking at clinical progression have consistently reported

that women progressed faster than men to a clinical diagnosis of

MCI and dementia.44–46 Women with AD dementia were outper-

formed by men in multiple domains including visuospatial, verbal

processing, and semantic and episodic memory. This disadvantage

was reported independent of age, education level, and dementia

severity.47,48

Finally, there are interesting and nuanced associations between

sex and APOE ε4 on cognitive decline and clinical progression.

Women APOE ε4 carriers show higher incidence rates to demen-

tia than men carriers,49 although this was more recently limited to

the age range between 65 and 75 years.50 Women carrying the

APOE ε4 allele have been reported to show worse memory and

decline faster than men.40,50 In MCI patients, female APOE ε4 car-

riers, regardless of zygosity, show poorer delayed memory recall

at the cross-section, but only in homozygous men.51 Finally, one

study has suggested that ε 4 may only exacerbate poorer cognition

in women relative to men during midlife and not later life, which

may arise as a consequence of midlife menopausal changes (dis-

cussed in a later section).52 APOE ε4 carriage and menopausal changes

should therefore be considered in the context of the controversial
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F IGURE 2 Hypothetical models explaining sex differences in memory throughout aging and disease. A, Initial memory advance provides
cognitive resilience through aging (differences in level but not slope). B, Sex differences in memorymay vary at different stages of the aging
process. The discontinuous line in the 60s to 80s period for men illustrates the conflicting findings. C, The initial memory advantage in women
diminishes over time: women copewith AD pathology for longer until they experience a faster decline (differences in level and slope). D, Diagnosis
bias due to the differences in baselinememory performance. The red line in C andD illustrates the onset of AD pathology.

results regarding sex differences in cognitive decline around the age

of 60.

Discrepant results on cognitive trajectories as well as on the

moderating effect of APOE ε4 on the association between sex and

cognitive performance may arise because of different sampling frames

and adjustment for different variables that may interact with sex.

For example, as discussed below, the differential prevalence and

incidence of risk factors across samples and age periods in men

and women may differentially influence cognitive trajectories,40

further, sociocultural factors may also interact with sex and gender.39

Overall, studies focusing on the resilience frameworks should shift

the focus from merely describing sex differences in cognition toward

comprehending the underlying factors (APOE ε4, menopause, socio-

cultural factors) and related mechanisms that contribute to these

differences.

3.2 Are sex differences in cognitive resilience the
result of lower AD pathologies or preserved brain
integrity?

As suggested in the previous section, there might be a critical

loss of cognitive resilience in women along the transition from

normal to pathological aging. Maintained cognitive performance

across normal and pathological aging may be the result of lower

pathologies or preserved/enhanced brain structure and function

despite the presence of pathologies. Here, we address whether

brain resilience to AD pathologies (i.e., differential impact of AD

pathological burden on brain structure and function) or lower

pathological burden (resistance to pathologies) explains the above-

mentioned differences in cognitive resilience in women versus

men.
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At the cross-section, cognitively unimpaired women outperform

men independent of baseline amyloid levels and hippocampal vol-

ume, though the hippocampal volume results are less consistent.
53–56 Indeed, women with amnestic MCI seem to outperform men in

immediate and delayed recall tasks given equal levels of moderate hip-

pocampal atrophy, but this advantage was only observed at moderate

but not higher levels of hippocampal atrophy.53 Longitudinally, women

diagnosed with amnestic MCI or AD dementia demonstrate increased

brain atrophy rates of up to 1.5% per year relative to men with

the same diagnostic status.57 Therefore, while women initially show

greater cognitive resilience to hippocampal volume loss, it appears to

diminish over time, particularly after a diagnosis of cognitive impair-

ment, and probably at advanced levels of AD or neurodegenerative

biomarkers.58

Research also suggests lower cognitive resilience to AD patholo-

gies in women compared to men. At the cross-section, women’s

memory performance appears to be robust to the effects of amy-

loid pathology.58 However, at comparable levels of cerebrospinal fluid

(CSF) amyloid, cognitively unimpaired women decline more rapidly

than men in a composite score combining episodic memory, executive

function, and global cognition.54 Similarly, greater cognitive decline in

verbal memory and executive functions was observed in women with

higher CSF amyloid and total tau levels and unimpaired cognition,MCI,

and AD dementia, although the most pronounced sex difference was

observed at the MCI stage.58 Indeed, while there is no association

between PET-amyloid positivity and cross-sectional memory scores in

women, the effect of amyloid positivity on memory is observable at

subjective cognitive decline (SCD)55 or at MCI stages.59 In contrast,

in men with unimpaired cognition and MCI, amyloid positivity had a

less significant impact compared to women, or not at all. Furthermore,

women with AD dementia, including those with positive AD biomark-

ers, exhibit greater cognitive impairment and decline compared to

men.58,60

Finally, at the brain level, there might a differential impact of AD

pathologies on brain structure in women versus men (sex differences

in brain resilience to AD pathologies). While cross-sectionally women

may have greater brain resilience to the effects of tau,61 women with

lower CSF Aβ42 and increased CSF tau showed more rapid hippocam-

pal atrophy, suggesting lower brain resilience to the effects of AD

pathologies over time in women.58 In AD patients, the same clinical

severity of dementia was associated with greater reduction in cere-

bral metabolism in men than in women, which was interpreted as

greater ability to cope in men.62 Overall, these results are consistent

with the notion that women show an advantage followed by a loss of

compensatorymechanisms resulting in faster decline (see Figure 2B).

An alternative hypothesis is that the verbal memory advantage in

womenmay result in delayed detection of observable cognitive decline

by informants and caregivers and thereforemissed diagnosis inwomen

(see Figure 2D). In this regard, evidence suggests that sex-adjusted

norm/cut scores identify 10% of missed amnestic MCI cases among

women and 10%of false positive cases amongmen.53 As such, it is pos-

sible that women are diagnosed with more advanced pathology and/or

more advanced cognitive decline. Because advantages in sex-specific

cognitive performances exist, models of cognitive resilience stratified

by sex are warranted in future studies.

Figure 3 illustrates the changes in cognitive and brain resilience to

specific brain pathologies in women versus men and aligns with the

hypothesis of an initial memory advance in women.

4 MODIFIABLE AND BIOLOGICAL FACTORS: A
SEX/GENDER AWARE FRAMEWORK

A key and shared component within theoretical frameworks to study

resilience in aging and AD is the recognition that both modifiable (e.g.,

education or lifestyle) and biological (e.g., genetic risk) factors play

roles in enhancing resilience and resistance along with the associated

neuralmechanisms.Modifiable risk factors, such as education, physical

activity, cardiovascular health, and mood disorders, account for up to

40% of dementia cases.63 Further, chromosomal, reproductive health,

andhormonal differences arebiological pathways thatmayalso explain

differences in cognitive resilience. Biological risk and modifiable fac-

tors, including social determinants of health, may independently drive

differential resilience or interact with each other to increase resilience

or vulnerability. In this section, we consider modifiable and genetic

factors as determinants of resilience.

4.1 A sex/gender perspective on modifiable
factors

Almost all the currently identified modifiable risk and protective

factors for cognitive decline and dementia demonstrate sex/gender

differences in rate and/or risk expression,64,65 as reviewed in this

section. Life course exposures and behaviors systematically differ by

sex/gender due to both biological (e.g., pregnancy) and or/social (e.g.,

education) causes.19 A detailed description of sex-specific risk and

protective factors for cognitive decline and dementia can be found in

previous works.64–66

4.1.1 Years of education

Years of education is among the most commonly used proxies of

resilience and reserve in the AD field.67 Higher education is asso-

ciated with higher levels of global cognition and delayed onset of

symptoms68,69 and might mitigate the adverse effects of sexuality-

minority status on cognitive aging.70 However, it is a poor reflec-

tion of the value of educational reflection among minoritized ethnic

groups and its contribution to cognitive decline and resilience among

racial/ethnic groups deserves further consideration.71,72 Despite

advances in gender equality, education andoccupation levels are highly

gendered as societal expectations of gender roles have historically

manifested in reduced access to higher education for women.73 While

we could expect education to contribute to lower cognitive resilience
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F IGURE 3 Illustration of the hypothesized sex differences in cognitive and brain resilience to amyloid burden and brain atrophy. A, Cognitive
resilience to hippocampal atrophy: women show better memory function andmaintainedmemory performance despite hippocampal atrophy, until
a certain threshold is reached, beyondwhich women show accelerated cognitive decline compared tomen. B, Cognitive resilience to amyloid:
women show greater cognitive resilience to initial amyloid accumulation evidenced by superior memory performance compared tomen at similar
levels of amyloid deposition. However, this advantage fades away at higher amyloid levels leading to faster cognitive decline in women. C, There is
greater brain resilience to amyloid burden in women evidenced by a smaller effect of amyloid on hippocampal volume compared tomen at lower
levels of amyloid. This trend reverses at higher levels of amyloid burden, leading to a greater effect on hippocampal volume in women. The red
background in the despicted scatterplots indicates higher levels of hippocampal atrophy or amyloid burden.

in women, older women show better cognitive function than men,35

suggesting an interplay between biological and social factors. Further,

despite having overall lower levels of education, women show dispro-

portionately larger benefits of education on both mood and cognitive

outcomes compared tomen.74

Recent findings from the United Kingdom suggest that reduced dis-

parities in education levels—due to secular increases in educational

opportunities in later birth cohorts—could attenuate sex differences in

dementia risk and increase cognitive resilience and reserve at the pop-

ulation level.75 In Europe, a study reported that the magnitude of sex

differences in three separate cognitive domains varied systematically

by birth cohort and region, and was confounded by gender-specific

changes in living conditions and levels of cognitive enrichment.76 Sex

differences have also been reported in cognitive trajectories across

samples from diverse ethno-cultural groups and geographical regions

with rates of cognitive decline varying across cohorts but consistent

associations with education and APOE genotype.77 As expected, older

women show relatively better cognitive performances in countries

characterized by more equal gender-role attitudes, and this effect was

partiallymediatedbyeducation and labor-forceparticipation.78 There-

fore, only studies across birth cohorts and considering international

differences will shed light on whether and how gender disparities may

shape cognitive aging trajectories and cognitive resilience.

4.1.2 Affective disorders

Higher rates of affective disorders and social marginalization are

observed in women compared to men, 74,79–82 which are in turn asso-

ciated with cognitive decline and/or dementia risk.83–86 Thus, mood

disorders are twice as common in women than men87 and are associ-

atedwith an almost 2-fold increased risk of incident dementia.63 Affec-

tive disorders are increasingly being studied in the context of resilience

studies,88,89 while they could also be a prodromal sign of demen-
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F IGURE 4 Illustration of the effects of APOE ε4 on the amyloid cascade. Sex effects are observed downstream amyloid. Illustration of the
available evidence showing no sex-specific genetic drivers of amyloidosis but different effects of APOE ε4 in tau (lowering resistance in women)
and cognition (lowering cognitive resilience in women compared tomen). Themagnitudes of the arrows are indicative of effect sizes, with larger
arrows representing larger effects. APOE: apolipoprotein E

tia. Women show stronger immune responses to pathogens, faster

wound healing (e.g., including shorter recovery time from traumatic

brain injury), greater antibody production, and a higher predilection

for autoimmune diseases.90 These intrinsic immunologic differences

may be a common pathway directly impacting mood and cognitive

resilience. Another hypothesis is that discrimination and other social

standards present since birth that have systematically marginalized

women contribute to women’s vulnerability to mood disorders and

may further impact immune system development.

4.1.3 Cardiovascular and health behaviors

Men have a higher prevalence of certain risk behaviors (e.g., traumatic

brain injury, smoking, and substance use)91–93 and also cardiovascu-

lar disease events (e.g., myocardial infarction, stroke) particularly at

younger ages.94–99 The larger cardiovascular advantage in women

may be partially related to high estrogen exposure throughout early

to midlife.100,101 Precipitous decline in estrogens (> 90%) during

menopause transition is associated with a shift such that women

begin to show disproportionately increased vascular risk compared

to men.102,103 Women who are older than 60 demonstrate increased

arterial stiffening, a higher prevalence and mortality from type 2 dia-

betes, and a stronger association between hemoglobin A1c and brain

volume.97,103,104 A recent study found that differences in stroke and

hypertension between men and women contributed to differences in

memory decline.105

4.1.4 Physical activity

Sedentary behavior and physical activity, which are among the most

strongly linked behaviors with dementia risk, also demonstrate gender

differences. Women exercise less than men across the lifespan, which

is partially related to the gender roles but also to the lack of encour-

agement of physical activity for women historically.106 Nevertheless,

meta-analyses suggest that women benefit more from the effects of

exercise than men107 although the directionality is not clear across

studies.96,98,107–112

Overall, although there are differences in the prevalence of risk fac-

tors basedon sex andgender it is important to underscore that anover-

or under-representation of a particular risk or protective factor in one

gender does not automatically result in a more significant or lesser

impact on health outcomes.

4.2 Sex-specific genetic influences on cognitive
resilience

Besides modifiable factors, an important biological determinant of

resilience is genetics.While, as discussed below, robust evidence exists

of genetic contributions to resilience, there has been less work on the

degree to which genetic drivers of resilience differ by sex and gen-

der. Nevertheless, initial evidence presented in this section suggests

that immune, inflammatory, cardiovascular, and sex hormonepathways

drive differences in resilience. This section will cover the current liter-

ature of sex-specific genetic drivers of resilience and protection to AD

pathology.

4.2.1 APOE associations with AD risk differ by sex

The studies on APOE suggest that the genetic architecture of amyloi-

dosis is largely shared across sexes and is driven primarily by APOE

with only minor sex-specific genetic effects on amyloidosis outside of

APOE. By contrast, the genetic architecture downstream of amyloido-

sis seems to include substantial sex differences on tau biomarkers,113

cognitive decline,114 and clinical AD50 (see Figure 4), including several

biological pathways of resilience that could serve as precision targets

for intervention,115 some of which will be described below.
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4.2.2 Sex differences in the genetic architecture of
resilience: immune, inflammatory, and cardiovascular
pathways

Current evidence suggests that genetic drivers of sex hormone sig-

naling, X-chromosome function, immune/inflammatory signaling, and

vascular hemodynamics may drive resilience to AD pathology in a

sex-specific manner.

A genome-wide association study on CSF Aβ42 levels identi-

fied a genetic locus with a sex interaction. The top variant in the

region was an expression quantitative trait locus (eQTL) for the SER-

PIN gene family, which is implicated in inflammatory processes.116

A recent study revealed that female cis-eQTLs, but not male cis-

eQTLs, colocalized with immune traits.117 Furthermore, sex-aware

genetic correlation analyses on cognitive resilience (against amy-

loid) demonstrated sex-specific associations with autoimmune traits,

such as multiple sclerosis. That is, greater resilience in women

was associated with lower genetic susceptibility but higher genetic

susceptibility in men.118 Autoimmune trait prevalence is higher in

females, and autoimmune traits and AD have shared biology,119,120

making the crosstalk between immune/inflammatory pathways and

resilience pathways an exciting future direction for sex and gender

research.

In the same set of sex-aware genetic correlation analyses, resilience

and heart rate variability were shown to share sex-specific genetic

architecture: more resilient males had a higher genetic susceptibil-

ity for more favorable heart rate, while no association was seen in

females.118 Previous studies have shown that heart rate variability is a

goodmarker of heart health, lowerswith aging, and has sex-dependent

effects,wherebyoldermalesdecline inheart rate variability faster than

older females.121–123 As such, findings suggest sex-specific genetic eti-

ology of resilience may partially be explained by immune pathways in

females and cardiovascular pathways inmales.

4.2.3 Sex chromosomes and hormones contribute
to sex differences in resilience

In addition, sex chromosomes and hormone pathways may contribute

to the sex-specific genetic etiologyof resilience.A recentmeta-analysis

on resilience identified shared genetic architecture between resilience

and hormone-related traits.115 Sex-biased gene expression has been

linked to enrichment of hormone-related transcription factors.117

Importantly, loss of circulating estrogen and lifetime estrogen expo-

sure have an established relationship with cognitive decline,124–126

making the convergence of sex hormones and resilience an important

future direction for genetic studies. Additionally, the X chromosome

has been implicated in sex-specific genetic pathways of vulnerabil-

ity to AD. The X chromosome is enriched in brain-related genes, and

shows a reduced ploidy during typical aging in females.127 Specifically,

X-chromosome aneuploidy is enriched in the hippocampus and cere-

brum,both regionsdisrupted inAD.127,128 Todate, fewgenomic studies

have been conducted on the X chromosome, despite its role in aging

and AD, due to added complexities from dosage differences between

sexes. Future X-wide association studies on ADprotective endopheno-

types are needed to further elucidate the X chromosome’s exact role

in resilience to AD pathology in each biological sex. Taken together,

resilience is a highly heritable trait with genetic contributions, and

genetic factors of resilience may relate to pathways of protection to

AD in a sex-specific manner. Future sex-aware genomic studies with

large sample sizes are necessary to fully elucidate the genetic etiology

of resilience to AD pathology.

5 SEX DIFFERENCES IN BRAIN RESILIENCE:
BRAIN STRUCTURE AND FUNCTION

Maintained or enhanced brain structure and function3,24,28 through-

out aging and disease have been proposed as mechanisms explaining

why some individuals are able to cope better with pathologies and

maintain function, that is, mechanisms underlying resilience. How-

ever, measurements of brain structure and function may reflect both

pathological processes as well as the protective effect of several

risk and protective factors throughout the lifespan leading to brain

resilience.5

In this section, we first review sex/gender differences in brain struc-

ture and function as they may set the stage for further differences

in brain resilience throughout aging and disease. Second, we review

the scarce literature available suggesting sex/gender asmodifier of the

association between modifiable factors and brain structure/function.

As presented below, the evidence suggesting sexual dimorphism in

brain structure and function are consistent across studies, while the

evidence for sex-specific rates of change in structure and function is

mixed.

5.1 Baseline differences in brain structure and
function

There are consistent sex differences in brain structure and

function.129–132 Men show, on average, larger brain size133–136

through larger absolute gray matter (GM) volume, and white matter

(WM) volume. 129,137,138 By contrast, women show thicker cortices129

and larger GM and WM volumes, adjusted by total skull size, than

men.138 With respect to microstructural features of the brain, men

exhibit higher global fractional anisotropy and stronger intrahemi-

spheric connectivity, while women have higher fiber dispersion and

stronger interhemispheric connectivity.129,139–142 Overall, these stud-

ies suggest sex differences in the anatomy and structural connectivity

of the brain that should be considered when investigating sex-specific

brain mechanisms of resilience.

Findings regarding functional connectivity seem to suggest a

women’s advantage. Women demonstrated stronger default mode

network (DMN) connectivity,129,143–145 which some studies have asso-

ciated with reduced cognitive decline146 and impairment.147 Further-

more, greater glucose metabolism in the anterior cingulate cortex, as

well as in the anterior temporal pole and medial prefrontal cortex,
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has been associated with slower cognitive decline, particularly in older

women.148

5.2 Rates of change in brain structure and
function: differential impact of aging and disease

Conflicting evidence exists regarding differences between men and

women in rates of change in brain structure. Greater age-related

decline in WM integrity was reported in women141,149 but also

in men.150 In addition, increased GM atrophy was observed in

women138,151,152 yet also in men.129,153–155 Previous work suggested

faster cortical thinning in both women156 but also in men.157,158 Last,

accelerated brain aging (as reflected by increased brain-predicted

age difference) was found in women159,160 but also in men.161–163

As discussed above, a consistent sex difference across studies is

the increased rate of hippocampal atrophy in women compared

to men,152,164,165 which may be exacerbated in the presence of

AD pathology in women.58 Despite the dearth of literature exam-

ining sex/gender-specific mechanisms of resilience, studies suggest

that women may have higher functional brain maintenance as they

have younger metabolic brain-predicted ages166 and weaker and less

widespread age-related changes in glucose metabolism than males.167

Moreover, women have significantly less pronounced age-related

decline in DMN connectivity.168 Overall, while sex differences in the

trajectories of age-related WM and GM atrophy are unclear, women

may be more vulnerable to the effects of pathologies in the structure

of the medial temporal lobe but also show a metabolic and functional

advantage compared tomen.

5.3 Do the effects of risk and protective factors
on brain structure and function differ by sex?

Initial or longitudinal sex differences in brain structure and function

alone may not explain differences in cognitive decline between men

and women. Adding to the complexity is the question of how lifestyle

factors, or even sex/gender-related factors (e.g., reproductive health,

pregnancy), impact brain structure and function in women versus men.

Research exploring sex/gender differences in the association of

lifestyle factors with brain structure and function is very scarce. High

levels of objectively measured low-intensity daily walking were associ-

atedwith larger hippocampal volumes only amongwomen.169 Another

study reported an association of maintaining physical activity over 10

years with larger hippocampal volumes in men but larger dorsolateral

prefrontal cortex volumes in women, as well as sex-specific benefits

on cognitive domains.170 Higher cardiovascular risk scores have been

associated with lower GM volumes and worse memory among men

only.171

Finally, considering sex-related factors, it is known that pregnancy is

associated with reductions in cerebral GM volume, lasting for at least

2 years post partum172 and it has been reported that hypertensive

pregnancy disorders are associated with smaller brain volumes and

worse performance on processing speed cognitive tests, compared to

normotensive pregnancies.173

6 RESISTANCE TO PRIMARY AD PATHOLOGIES

In this section, we review sex/gender differences in primary AD

pathologies. Understanding these differences will set the stage to

identify sex/gender-specific vulnerabilities and resiliencies as well

as the factors associated to them, as discussed at the end of the

section.

6.1 Resistance to Aβ

The majority of studies examining levels of Aβ have not found differ-

ences betweenmenandwomen, including in amyloid positron emission

tomography (PET),37,54 CSF Aβ42174,175 or Aβ42/Aβ40 ratio,176–178

and blood Aβ42/40 ratio.179,180 However, a few studies found that

women showed a trend toward higher levels of amyloid in post

mortem neuropathological data.181,182 Further, some studies suggest

that higher levels of Aβ may appear during the age of menopause rel-

ative to age-matched males, suggesting lower resistance to amyloid in

women.183,184

6.2 Resistance to tau

By contrast, several studies showed higher levels of tau pathology

in women, as evidenced by PET imaging,185–189 and post mortem

data181,182,189 implying that women may have lower resistance to

tau pathology. Interestingly, PET findings suggest that sex differences

in tau deposition occur across multiple cortical regions outside the

temporal lobe,185,186–188,190 even in clinically normal older adults.191

Although few studies have reported a main effect of sex on levels of

CSFmarkers of p-tau,177,192 there are consistent sex by APOE ε4 inter-
action effects. That is, higher levels of both total tau and p-tau exist in

women APOE ε4 carriers relative to men carriers and all non-carriers,

particularly if they have a diagnosis ofMCI or dementia.113,174,175,193

Most studies to date investigating blood-based biomarkers have

not specifically examined sex differences. In the few that did, con-

flicting findings have been reported. In one study, levels of p-tau181

or 217 and markers of neurofibrillary tangle pathology did not differ

between men and women.178 By contrast, a study showed that higher

plasma p-tau181 was associated with greater amyloid and entorhinal

cortex tau accumulation, lower brain glucose metabolism, and faster

cognitive decline in women, relative to men.194 Moreover, in a lon-

gitudinal sample of individuals with subjective cognitive concerns,195

women exhibited faster rates of change in plasma total tau concentra-

tion thanmen. Some recent reports suggest that past hormone therapy

usemight also be associatedwith lower taudeposition inwomen.186 As

such, the area of sex differences in taumarkers in plasma is an evolving

area of the literature.
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6.3 Do differences in resistance to AD
pathologies result in poorer neurodegenerative
outcomes?

While there seem to be vulnerabilities to tau deposition in women, it

remains somewhat unclear at what point thismay result in poorer neu-

rodegenerative outcomes. Studies examining sex differences in CSF

markers of neurodegeneration showed higher neurofilament chain

light (NfL) levels in males compared to females.196,197 In apparent dis-

agreementwith these findings, women exhibited greater tau-mediated

brain glucose hypometabolism than men.198 Similarly, a recent study

in autosomal dominant AD, showed that as disease progresses, women

Presenilin-1 E280A carriers have a greater plasma NfL increase than

men carriers.199

6.4 Glial cells and resistance to AD pathologies:
microglia, astrocytes, and oligodendrocytes

Microglia activation has a stronger mediation effect between Aβ
and tau burden in women.200 As for oligodendrocytes, their global

transcriptional activation is positively associated with increased AD

pathology in males, whereas not in females.201 Astrocyte sex dif-

ferences are less explored, but in animal models, females present

a higher astrocyte density in some regions, such as the cortex and

hippocampus.202–204 The hippocampus shows an increase in hyper-

trophic astrocytes near Aβ plaques in the female brain.205 Few studies

have investigated sex-specific changes in glial cells, includingmicroglia,

astrocytes, and oligodendrocytes.206–209 Some studies have shown

that microglia density and phenotype vary between women and

men.210–213 In AD,microglia density increases in bothmen andwomen

in the parietal cortex.211 However, male AD individuals present sig-

nificantly higher density and a more amoeboid microglial morphology

compared to females.211 Microglia from women are more glycolytic

and ramified, indicating the presence of different microglial states in

male and female brains in the AD continuum.211,214 The role of glial

cells in sex-specific resistance to AD pathologies should be further

explored.

6.5 Impact of sex- and gender-related factors on
AD pathologies

There is a lack of studies exploring sex differences in the association

of lifestyle risk factors with Aβ and tau. Most existing studies have

been unable to explore interactions or stratify analyses by sex due to

small sample sizes (particularly men). Studies exploring the association

of sleep duration215 and body mass index (BMI)216 with Aβ burden

have not observed sex differences among cognitively normal partici-

pants. A recent cross-sectional study, however, reported that among

cognitively intact APOE ε4 carriers, higher cardiovascular risk scores

are associated with higher levels of tau among women, but not among

men, suggesting that women with at least one APOE ε4 allele may be

particularly vulnerable to the effects of cardiovascular factors on tau

deposition.217 Due to the lack of studies, evidence is inconclusive, and

future research is needed to explore possible sex differences in the

association between lifestyle risk factors and AD pathology.

7 SEX DIFFERENCES IN NON-AD PATHOLOGIES

Mixed or comorbid pathologies are common in older adults and are

major contributors to cognitive decline and dementia. AD pathologies

only account for ≈ 50% of the observed age-related cognitive loss,

varying greatly at the individual level.218,219 Hence, additional non-AD

pathologies contribute to lower the threshold for clinical diagnosis of

ADdementia220 and therefore contribute to lower cognitive resilience.

Further, non-AD pathologies add significant variation to the mapping

between AD pathology and cognition, and are therefore important

factors to study in the context of cognitive resilience to AD. Conse-

quently, in this section, we review sex/gender differences in non-AD

pathologies.

It is important to note that even when accounting for a wide array

of neuropathologies, a large proportion of the variation in late-life cog-

nitive decline remains unexplained.219 Figure 5 shows a framework in

which AD pathologies, risk/protective factors (reviewed above), and

non-AD pathologies are associated with cognitive resilience through

their association with brain structure and function (brain resilience).

Cognitive and brain resilience, therefore, are the result of the interplay

of pathologies and exposure to risk and protective factors throughout

the lifespan.

As shown in Figure 5, the most common non-AD pathologies are

cerebrovascular disease (CVD; infarcts, atherosclerosis, arteriosclero-

sis, cerebral amyloid angiopathy), Lewy body disease (LBD), TAR DNA-

binding protein 43 (TDP-43), and hippocampal sclerosis (HS).221,222

There are several examples in the literature supporting the need to

account for multiple pathologies in resilience studies. For example, in

a previous neuropathologic study in the oldest old, less CVD, less cor-

tical aging-related tau astrogliopathy (ARTAG), less TDP-43, less Lewy

pathology, and no HS were observed in the cognitively resilient group

compared to the AD dementia group, suggesting that reduced non-

ADpathological burden explained cognitive resilience.198 In addition, a

recent study suggested that cognitive resilience toADpathologiesmay

be partially explained by resistance to TDP-43.223

Despite the same amount of AD pathology burden in women and

men, the difference in these pathologies may impact their cognitive

resilience, thus, sex/gender differences are reviewed below.

7.1 Sex/gender differences in CVD

Approximately 78% of all AD dementia cases have CVD and there is

a growing body of evidence showing significant differences in CVD

burden between men and women.224 The most frequently reported

difference is in white matter hyperintensities (WMH), which are

more likely seen in women compared to men,225–227 particularly
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F IGURE 5 Illustration of how non-AD pathologies may diminish brain resilience. Non-AD pathologies are considered together with AD
pathologies and risk factors (left box, red) as variables that may have a negative impact on brain resilience, while protective factors may have a
positive effect (left box, green). The figure considers that sex/gender may have an effect on each box and in the relation between them. AD,
Alzheimer’s disease; CVD, cardiovascular disease; HS, hippocampal sclerosis; LBD, Lewy body disease; TDP43, Tar DNA-binding protein 43

post-menopause.228 These differences are suggested to be driven by

factors such as hypertension and BMI that influence WM integrity

in women229,230 and increase vulnerability of WM structures in

women.231,232 Severe atherosclerosis is also more likely in women.182

By contrast, higher rates of cerebral microbleeds233,234 and enlarged

perivascular spaces235 are observed in men relative to women. Both

these changes are associated with poor cognitive performance.236,237

Additionally, the risk of stroke is higher inwomencompared tomenand

highly dependent on age.238 Women demonstrate poorer functional

outcomes post-stroke, particularly post-menopause.239,240 These sex-

specific differences in stroke outcomes are also mediated by worse

WM integrity in women.240,241 Silent strokes on magnetic resonance

imaging are common in the population242 and are found to be different

betweenmenandwomenwith differences in infarct location.226,233,243

7.2 Sex differences in LBD and
TDP-43/hippocampal sclerosis

LBD is significantly more common in men than women;224,244 how-

ever, the mixed pathology cases of AD with LBD are more common

in women.224,245,246 Severity of the clinical manifestation of LBD is

also sex specific, with amore aggressive clinical disease course evident

in women with dementia with LBD compared to men,245 suggesting

lower cognitive resilience to LBD in women. Neuropathology data also

provide evidence of greater AD with TDP-43/hippocampal sclerosis

disease burden in women relative to men.224 Finally, women showed

greater associations between neocortical type Lewy bodies and limbic-

predominant age-related TDP-43 encephalopathy neuropathologic

change (LATE-NC). These co-pathologies contribute toworse cognition

in women and greater risk of AD dementia,247 suggesting that investi-

gating regional associations between pathologies may be important to

understand sex/gender-specific cognitive resilience.

8 INPUTS ON SEX-SPECIFIC COGNITIVE
RESILIENCE FROM ANIMAL MODELS

The study of sex-specific resilience to AD, and its therapeutic implica-

tions, can be informed by the study of animal models. Animal models

are required for the elucidation of molecular mechanisms and identi-

fication of therapeutic pathways that could improve the human condi-

tion. However, a model is only useful if the discoveries generated truly

informus about humandisease. Thus, attention to aspects ofADmouse

models that recapitulate clinical manifestations of human AD—such

as cognition, pathology, survival, and their underlying substrates—is

essential. Because there aremajor limitations tomodeling AD, the field

has historically usedmanymodels and approaches includingmousepri-

mary neurons, human amyloid precursor protein (hAPP) mice, human

brains, and human cognition and included several AD-related mea-

sures to increase the potential relevance of our findings in sex-specific

resilience against AD.

Being male or female, defined here as harboring a different sex

chromosome complement (XY vs. XX), is a primary and understudied

biologic variable inAD that is beginning to be explored inmodels. In the

models studied, there are striking parallels with the human condition.

Like women with AD that live to advanced ages worldwide,10,248,249

contributing to increased female prevalence, female hAPP mice (line

J20 on two different genetic backgrounds) live longer than male hAPP

mice.10 Furthermore, after hormonal depletion, female hAPP mice

show less cognitive and behavioral deficits than hormone-depleted

male hAPP mice.10 These findings in mice are congruent to human
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observations in aging and preclinical AD prior to the age of 85 years

when women show better cognition,54 less cognitive decline, 37,250,251

and decreased measures of neurodegeneration,252 despite similar

deposition of amyloid and tau,37,253 pathological hallmarks of AD. This

could underlie lower prevalence254 and later onset of MCI in women

compared to men in some populations, 255 although cognitive decline

is steeper for women later in the course of AD, as pointed out above.66

8.1 X chromosome modulates resilience against
pathology in AD models

Using genetic models of sex biology combined with AD models, it has

been found that the X chromosome impacts AD-related vulnerability

in hAPP mice—including survival and cognition. XX-hAPP mice genet-

ically modified to develop testicles or ovaries showed better survival

and less deficits than XY-hAPP mice with either gonad, indicating a

sex chromosome effect.10 After varying sex chromosome dosage, mice

with two X’s showed increased survival and fewer deficits than those

withone.54 Thus, adding a secondXconferred resilience to survival and

cognition of both XYmales and XO females. The X-mediated resilience

extended to male and female primary neurons exposed to AD-related

toxicities.

A second X chromosome conferred resilience, in part, through

lysine-specific demethylase 6a (Kdm6a), a gene that escapes

X-chromosome inactivation in XX females.10 In humans, genetic

variation in KDM6A is associated with less cognitive decline over a

decade in a population enriched for individuals with MCI10 and X-

chromosome gene expression with cognitive resilience in women.256

Collectively, the mouse, primary neuronal, and human studies support

a role for the X chromosome inmodulating resilience against AD.

Many factors influencing brain function are enriched on the X

chromosome,257 which represents 5% of the genome in both women

and men. The X influence on human mental function is highlighted by

X-linked intellectual disability suffered primarily and more severely by

males in the absence of compensatory functions from a second X chro-

mosome. TwoX chromosomes, compared to one, potentially confers an

advantage in sex-specific resilience against AD in many ways, includ-

ing diversity of X gene expression from mixed parental origin of the

active X—-and increased X dose from baseline escape of the inactive

X. Further study of the sex chromosomes and their contribution to sex-

specific resilience in AD may lead to novel therapeutic pathways that

can benefit both sexes.

Indeed, a recent study of humans supports a role for the X chromo-

some in sex-specific cognitive change and tau pathology in aging and

AD.256 Differential gene expression profiling of the X chromosome in

brains from the Religious Orders Study/Memory Aging Project joint

cohorts showed that X expression associated with cognitive change

in women, but not men. In the majority of these changes, higher X

gene expression associated with slower cognitive decline, suggesting

a role for the X in female resilience. In contrast with cognition, X

expression associated with neuropathological tau burden in men but

not women. These findings in humans suggest that specific X factors

could contribute risk or resilience to biologic pathways of AD in each

sex.

9 CONCLUSIONS AND KNOWLEDGE GAPS

The general conclusions of the evidence reviewed in this work are

provided below accompanied by the knowledge gaps.

1. Sex/gender differences in cognitive resilience might be decreas-

ing as a function of reductions in gender inequalities, due to more

opportunities for women in education, workforce participation,

and improvements in their economic status and living conditions.

There is a need to further understand how gender and sex dispari-

ties and inequalities relate to brain health. Notably, to mechanisms

underlying cognitive resilience including brain resilience and resis-

tance to pathologies. Education is widely acknowledged as a pivotal

factor in building resilience. However, access and distribution to

education have historically been gender skewed. Considering edu-

cation as a gendered proxy helps prevent the missatribution of

observe differences in cognitive resilience to inherent biological

traits linked to sex.

2. The examination of sex and gender differences in cognitive trajec-

tories is a subject of controversy, necessitating evaluation across

age periods, cognitive status, and considering health and socio-

cultural risk factors. Factors conferring differential resilience to

cognitive decline in men and women require more attention. For

instance, the intersection of sociocultural variables and sex/gender

variables may explain some of the inconsistent results. Similarly,

mid- and late-adulthood sex differences in cognitive trajectories

should be investigated as a function of APOE ε4 status as well as

hormonal changes.

3. Sex differences in coping with the effects of amyloid and brain

atrophy on cognition are plausible: women may exhibit enhanced

initial cognitive resilience that may fade away as they advance

toward a clinical diagnosis of MCI and AD. Longitudinally, cog-

nitively unimpaired women show lower cognitive resilience to

amyloid pathology. Nevertheless, the impact of amyloid pathology

on the hippocampus is mitigated in women, indicating heightened

brain resilience to amyloid. Similarly, the influence of initial lev-

els of hippocampal atrophy on cognition is minimized, suggesting

higher cognitive resilience to the initial effects of atrophy. Research

investigating AD pathologies, medial temporal structures, and cog-

nition is essential to pinpoint the specific phases in the pathological

cascade in which sex/gender differences may manifest. Sex dif-

ferences in co-pathologies may also explain differential cognitive

trajectories.

4. Almost all the modifiable risk factors for cognitive decline and

dementia, considered determinants of resilience, demonstrate

sex/gender differences in rate and/or risk ratio. An over- or

under-representation of a particular risk or protective factor in

one gender does not automatically result in a modified impact

on brain and cognitive outcomes. Knowledge of these sex/gender-
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biased risk factors should be considered when explaining cognitive

trajectories.

5. The differential impact ofmodifiable factors by sex and gender on

cognition, pathologies, and brain structure remains understudied.

Additional focus on the differential impact ofmodifiable factorswill

inform whether a specific factor has a greater impact on cognitive

or brain resilience in men or women. A recent sex-specific analy-

sis of the FINGER trial demonstrated that, despite differential risks

by sex, intensive lifestyle modification, including physical activity,

diet, and vascular risk management, showed comparable cognitive

benefits in men and women.93 Therefore, these sex-specific vul-

nerabilities and resilience factors can be leveraged to inform risk

stratification, as well as highlight individual-specific pathways of

disease genesis.

6. Sex hormone signaling, X chromosome function, immune/

inflammatory signaling, and vascular hemodynamics may drive

resilience to AD pathology in a sex-specific manner. Findings

suggest sex-specific genetic etiology of resilience may partially

be explained by immune pathways in females and cardiovascular

pathways in men. Resilience is a trait with a significant heritable

component, influenced by genetic factors that may contribute

to pathways of protection against AD in a sex-specific manner.

Subsequent genomic studies, attuned to sex considerations and

conducted on a substantial scale, are essential to comprehen-

sively unravel the genetics underpinnings of resilience to AD

pathology.

7. Initial sex differences in brain structure may present opportuni-

ties for explorationaspotentialmoderatorsormediatorsbetween

pathology and cognition. There are sex/gender differences in brain

structure that seem to be dependent on total intracranial vol-

ume/brain size. Because brain size is a variable studied in the

context of brain resilience and reserve, it will be important to

understand the role of brain size, total volumes, and regional

volumes in minimizing the effects of pathology on cognition

by sex/gender. Functional and structural connectivity differences

could be considered candidatemechanisms explaining the differen-

tial resilience to pathologies inmen andwomen including fractional

anisotropy, intra and inter-hemispheric connectivity, and fiber

dispersion.

8. Growing evidence suggests a differential sex effect on resis-

tance to AD pathologies, alongside potential biological determi-

nants. While generally no differences in Aβ accumulation have

been reported, some studies suggest great tau accumulation in

women. A better understanding of the factors driving these dif-

ferences whether sex or gender related (e.g., menopause, lifestyle

or cardiovascular factors) is needed. Early reports suggest bio-

logical mechanisms that may be at play via microglial activation,

although further investigation is needed. An intersection between

sex and genetics seems clear when considering resistance; for

instance, women tend to show stronger effects of APOE ε4 down-

stream amyloid. However, longitudinal studies are needed as

it remains unclear whether women show greater-than-expected

accumulation of AD pathology as disease progresses relative

tomen.

9. Studies with a sex/gender aware framework are lacking. While

sex and gender differences in resilience and resistance to patholo-

gies are starting to be described in the field, an articulation of

a sex/gender framework will imply considering sex/gender differ-

ences in the study design, research hypothesis, and interpretation

of the results to better understand the associated sex and gender

differences and underlyingmechanisms.

10 RECOMMENDATIONS

Conflicting results exist regarding sex and gender differences in the

different outcomes reviewed in the article that require clarification

in future studies. We make the following recommendations to pursue

a more nuanced, accurate, and comprehensive grasp of how sex and

gender influence cognitive resilience to aging and AD:

1. Shift the focus from merely describing to comprehending.

Sex/gender-aware studies of resilience should articulate a concep-

tual frame motivated by sex or gender differences in health, risk

factors, pathologies, and brain structure and function. There are

many demographic, genetic, social, cultural, and clinical differences

that contribute to dementia risk. Each of these facets can include

an important intersection with sex and gender, and which can vary

markedly by geographic region. There is a need to comprehend the

interconnecting contribution of sex- and gender-related factors

across cultures and ethnicities.258

2. Publishing negative results to avoid bias. There is a risk of overes-

timating sex/gender differences, with a bias toward positive results.

Given the conflicting results existing for some of the brain and

cognitive outcomes, we recommend that all studies include results

disaggregated by sex, as well as studies that are directly investigat-

ing sex/gender with neutral or negative results be published and

included in systematic reviews and meta-analyses. These include

preprints, posters, and conference abstracts.

3. Consideration of sex/gender in a non-binary manner and

resilience research in LGTBQIA+. Emerging scientific advances

suggest that sex and gender should be considered over a

continuum.259,260 Thus, at the individual level, both sex and

gender and their interactions with other factors can have differ-

ential impact on health and disease outcomes.261,262 However,

sex and gender have historically been binarily characterized

and labeled as indicator representing chromosome XX or XY in

research. Biological sex, gender, and sexual orientation are distinct

concepts and represent heterogeneous groups, therefore, they

should not be interchangeably used in research. We acknowledge

the limitation of the present review and call for research that

combines sociocultural, demographic factors combined with inter-

sectional disparities of sex and gender. Sex and gender minoritized

populations are underrepresented in clinical research and are
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vulnerable to a greater disease burden of chronic conditions and

diseases of aging such as AD and dementia. 19,72,263

4. Cross-talk between animal models and human studies. Animal

models support the role of hormones on resistance to AD neu-

ropathology and provide evidence on likely biological mechanisms

driving increased survival, brain function, and cognitive resilience

associated with X chromosome.225 Animal models, however, can-

not answer some important issues on sex/gender differences that

should be further addressed, for example, the complexity of the

brain structure and cognitive changes related to aging in humans,

the role of sociocultural variables or of menopause, as animal

models of menopause can be difficult to reproduce. We recom-

mend more model systems for human translational work and more

interdisciplinary collaboration.

5. Gender inequalities and cognitive resilience: a contextual frame-

work. Studies on cognitive resilience that consider education or

other gendered factorsmust bedeeply contextualized. Researchers

should be equipped with historical, sociocultural, and economic

frameworks to robustly interpret their findings. It is vital to incor-

porate other gendered proxies that might influence cognitive

resilience, like occupation, social engagements, and even domestic

roles. Historically influencedby gender, investigations of these vari-

ables can offer a broader understanding of their dynamic interplay

tomoderate levels of cognitive resilience.

6. Statistical power to test interaction and moderation effects.

Statistical power is a critical consideration when examining sex dif-

ferences. Sex differences that are apparent in large sample sizes

may not be detected in smaller samples due to reduced statistical

power.264,265 This is particularly important when examining the

interaction effect of sex and brain structure/pathology on cogni-

tion in cognitively unimpaired cohorts. For instance, a restricted

dynamic range of the predictor variable (i.e., brain structure or

pathology) can substantially reduce statistical power to detect an

interaction effect. The effect size of a moderating effect may also

be constrained by the fact that neuroimaging variables account

for a relatively small amount of variance in the cognitive func-

tion of cognitively unimpaired older adults.266,267 To account for

these statistical issues, researchers could attempt to increase sta-

tistical power by using large harmonized cognitive datasets,268,269

or a meta-analysis approach, or they could increase the likelihood

of detecting a moderation effect by oversampling individuals with

very low or high values onmeasures of cognitive function and brain

structure or pathology.270 If these approaches are not possible and

a null effect is detected in a smaller sample, researchers should, at

a minimum, clarify whether they had sufficient statistical power to

detect a sex-based interaction effect.271,272

7. Inclusion of gender measurements in resilience studies. Better

measurements of gender will allow for advances in the field. Unless

gender is measured, we cannot estimate the extent to which it

confounds the effect of sex in the interpretation of research on cog-

nitive resilience. However, there are no currently agreed methods

for measuring gender in the field of cognitive decline and demen-

tia. The pervasiveness of potential gender effects means that many

core variables routinely included in statistical models may interact

with gender (e.g., education is strongly gendered both in terms of

content, type, and quantity of education). A recent framework for

measuring sex and gender in cohort studies has been proposed by

the “Gender Outcomes International Group: to FurtherWell-being

Development (GOING-FWD).” This involves five steps to assess

domains that are identified as influencing gender including identifi-

cationof gender-related variables, definitions of outcomes, building

up feasible final variable lists, harmonization of data, and definition

of data structure.

8. Vigilance in interpretation. It is crucial to approach gender-based

resultswith caution, particularlywhen genderedproxies like educa-

tion come into play. Researchers must differentiate between actual

biological characteristics and factors that might be influenced by

sociocultural biases. This differentiation ensures that observed

differences in resilience are not misattributed to sex when they

might be more related to gender-based societal constructs. Our

recommendation is to acknowledge potential confounds in their

interpretation of findings to ensure that the reader is appropriately

educated on the context.

11 GENERAL CONCLUSION

We urge the field to adopt a sex/gender-aware approach to resilience

to advance our understanding of the intricate interplay of biological

and social determinants and consider sex/gender-specific resilience

throughout aging and disease.
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