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Abstract

More than 5 million Americans are living with Alzheimer’s disease (AD) today, and nearly 

two-thirds of Americans with AD are women. This sex difference may be due to the higher 

longevity women generally experience; however, increasing evidence suggests that longevity alone 

is not a sufficient explanation and there may be other factors at play. The Alzheimer’s Association 
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convened an expert think tank to focus on the state of the science and level of evidence around 

gender and biological sex differences for AD, including the knowledge gaps and areas of science 

that need to be more fully addressed. This article summarizes the think tank discussion, moving 

forward a research agenda and funding program to better understand the biological underpinnings 

of sex- and gender-related disparities of risk for AD.

Keywords

Alzheimer’s disease; Neurodegeneration; Risk factors; Women; Sex biology; Estrogen; Hormones; 
APOE

1. Introduction

Women are at the epicenter of the Alzheimer’s disease (AD) epidemic. Two-thirds of the 

>5 million Americans living with dementia due to AD are women, and women account 

for about 65% of the >15 million unpaid caregivers of individuals with AD [1]. As real a 

concern as breast cancer is to women’s health, women in their 60s are about twice as likely 

within their lifetime to subsequently develop AD as they are to develop breast cancer [2].

In 2010, the Alzheimer’s Association partnered with the Shriver Report to publish “A 

Women’s Nation Takes on Alzheimer’s Disease”, a book that highlighted the disproportional 

number of women living with and affected by AD [3]. This partnership amplified the public 

health risk awareness of AD for women. Furthermore, the Alzheimer’s Association’s 2014 

Facts & Figures reported for the first time the disproportionate impact of AD on women 

[2], particularly those aged 65 years and older who are nearly twice as likely to develop AD 

compared with similarly aged men. Although AD represents a significant problem for the 

entirety of society, the impact of this disease and the unique burden on women in terms of 

emotional, physical, and financial factors merit careful consideration.

Reasons for the higher frequency and age-specific prevalence of AD among women at older 

ages are not well understood. Increasing age is the most influential known risk factor for 

AD. Thus, the higher frequency of AD in women may be partly explained by the fact that 

women live longer. Indeed, greater female lifespan is seen across all socioeconomic classes 

and is recapitulated throughout much of other mammalian species as well as in animal and 

cell-based studies. However, it is possible that increased longevity alone may not account for 

the higher prevalence in women.

Women with AD or other neurodegenerative diseases may have increased survival compared 

with men, independent of diagnosis [4]. The reasons for this possible sex difference are 

not clear and suggest that there may be other confounding factors for higher prevalence 

in women [5,6]. Prevalence is determined by both the rate of disease occurrence in a 

population (incidence) and the duration of survival after disease onset [4]. In general, 

women with AD seem to live longer with the disease than do men with AD, following 

a diagnosis; however, there are notable exceptions that do not fit this same trend [7–9]. 

Although it is accepted that AD prevalence is greater in women than in men, epidemiologic 

studies examining sex differences in the incidence of AD suggest a different picture. Most 
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studies in the United States report no significant difference in incidence between men and 

women, for example, the Baltimore Longitudinal Study of Aging [10], the Mayo Clinic 

Study of Aging [11], the Framingham Heart Study [12], and the East Boston study [4]. 

Other studies, including the Cache County Study (Cache County, Utah) [13] in the United 

States and European studies such as the PAQUID project [14], the Rotterdam Study [15], the 

Kungsholmen Study [16], and the Cambridge Project for Later Life [17], report a markedly 

higher incidence in women than in men after about age 80 years, with incidence before age 

80 years either modestly greater in men than women or not different for men and women. 

The Mayo Clinic Study of Aging also found that the rate of progression from mild cognitive 

impairment (MCI) to AD was higher in men compared with women aged 70 to 79 years, but 

higher in women than men after age 80 years [18]. These complex patterns warrant further 

consideration of sex and gender differences in AD.

Although differences in the frequency and prevalence of AD for men and women 

were briefly examined, the think tank discussion primarily focused on the biological 

underpinnings and differences between men and women that may contribute to the disease-

related pathophysiological changes. Regardless of any sex differences in the prevalence of 

AD, it is important to consider differences in risk for men and women. Indeed, multiple 

factors may contribute to the differential development and progression of AD between 

men and women, including biological factors (i.e., sex differences) such as chromosomal, 

epigenetic, or hormonal differences and psychosocial and cultural factors (i.e., gender 

differences) such as access to education and employment [19]. Education is a known, key 

mediator of cognitive reserve/resilience, and it could be that cognitive reserve/resilience 

effect may underlie the observed differences between men and women. Although there are 

increased efforts for equity across genders for education access, for instance, the population 

older than 65 years today had significant differences in educational attainment [20]. Obesity, 

diabetes, and depression are all factors that are associated with an increased risk of AD but 

also differ by sex across the lifespan in their prevalence, symptom presentation, treatment 

response, and mortality. Similarly, cardiovascular disease is associated with an increased risk 

of AD but occurs approximately 10 years later in women than men. Selective survival may 

be important because men who live to older ages are more robust and potentially at lower 

risk of developing AD [21]. To date, there is no clear sense of quantitative contribution for 

each of these factors. Thus, it is critical to increase knowledge of sex- and gender-related 

differences that could lead to both an increased understanding of the pathophysiology of AD 

and potentially inform development of novel therapies for both sexes.

In May 2015, the Alzheimer’s Association convened scientific experts to explore these 

questions, discuss the conflicting data, and determine the biological, epidemiologic, and 

societal factors that contribute to sex differences in the development and progression of AD. 

This article summarizes discussions focused on the state of the science and level of evidence 

around sex-related differences for AD, including identification of pertinent knowledge gaps 

and areas of science that need to be more fully addressed.
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2. Biological mechanisms suggested in sex differences for vulnerability to 

AD

Emerging evidence suggests that there are biological differences that could contribute to 

life course differences in AD vulnerability. Sex biology differences in brain development 

are particularly germane to the development of AD. These include neuroanatomical 

and neurochemical as well as psychological, behavioral, and cognitive differences. 

Neuroanatomical differences range from the size of different regions of the brain to 

differences in synaptic patterns and neuronal density [22]. The male brain is about 10% 

larger than the female brain across the lifespan [23], and the proportion of white matter 

and gray matter differs between men and women [24]. Furthermore, among cognitively 

normal adults, brain volume tends to decline faster in men than in women [25], whereas in 

individuals with MCI and AD, brain volume declines faster in women than men [26]. There 

is now compelling evidence for sex differences in longitudinal patterns of cognitive aging, 

demonstrating faster rates of decline in men relative to women across a number of domains, 

and none in which women decline faster than men [27]. Education is a known mediator of 

cognitive reserve and could be contributing to the education effects on sex differences. 

This apparent enhanced resilience in normal aging for women and the relationship to 

AD or altered disease-related biological pathways represent important areas for further 

investigation.

Brain differences between men and women may also play a role in contributing to biological 

differences of disease-related pathways. For instance, it is possible that increased white 

matter proportions in the female brain may also contribute to observed differences in brain 

connectivity between men and women, which in turn are likely to contribute to differences 

in cognitive impairment. In addition, the accumulation of AD pathology, particularly β-

amyloid (Aβ) accumulation, appears to differ by sex in both human and animal studies, 

although the results of these studies have been somewhat conflicting [28]. Taken altogether, 

these lines of evidence suggest that there are fundamental differences between the brains of 

men and women structurally that may play a contributing role in differential disease-related 

biology in AD.

2.1. The role of sex chromosomes

Animal studies have begun to elucidate some of the biological reasons underlying the 

increased longevity of women. For example, Dubai et al [29] described experiments in AD 

mouse models designed to isolate and establish the unique effects of sex chromosomes and 

gonads on aging and AD. Depletion of the gonadal steroids testosterone and estradiol is a 

fundamental aspect of human aging; however, levels of these hormones remain relatively 

stable in aging mice [30]. To overcome this problem, investigators depleted hormones in 

mice engineered to have female chromosomes but male sex organs (testes) as well as male 

mice with female sex organs (ovaries). When these mice overexpressed human amyloid 

precursor protein (APP)—one of several available AD mouse models—the male genotype 

mice died faster regardless of whether they had male or female sex organs, suggesting that 

the sex chromosomes may contribute to AD-related brain changes in APP transgenic mice.
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There has been little work to investigate whether the sex chromosomes code for any AD-

related genes of interest. About 1600 genes are encoded on the X chromosome, including 

genes for the androgen receptor and proteins associated with mitochondrial dysfunction. The 

smaller Y chromosome includes genes that code for male-related sexual characteristics and 

innate immunity [31]. Yet only a tiny fraction of findings from genome-wide association 

studies (GWAS) pertains to the X and Y chromosomes [32]. Further investigation to identify 

potential risk genes on the X or Y chromosomes may give new insight into the differential 

biological pathways involved in disease pathogenesis.

2.2. APOE ε4 and increased risk of AD in women

Although few GWAS studies have examined genes on the X and Y chromosomes, they have 

identified >20 genetic loci on autosomal chromosomes that are linked to an increased risk 

of AD [33]. APOE ε4 is the most well-characterized risk gene for AD identified to date. 

Presence of an APOE ε4 allele significantly increases the risk of AD and lowers the age of 

onset in a dose-dependent fashion based on sex [34,35]. Notably, women who carry one or 

two APOE ε4 alleles have a higher age-specific odds ratio of AD than men with the same 

APOE genotype although this effect is reduced after age 85 years [36]. Women with an 

APOE ε4 allele are also significantly more likely to convert from MCI to AD compared with 

men [37]. Multiple studies, ranging in size and significance, have suggested that women, 

compared with men, who are APOE ε4 carriers show more changes in default mode network 

connectivity [38], increased brain hypometabolism and greater brain atrophy [39], as well 

as worse memory performance [40]. Among individuals with MCI who were APOE ε4 

carriers, women had significantly higher cerebrospinal fluid levels of total tau, a biomarker 

associated with neurodegeneration, compared with men [37]. Based on evidence to date, it 

is unclear if this same comparison would also hold for male and female non– APOE ε4 

carriers. Consistent with these human studies, in mice expressing human APOE in brain, 

6-month-old female mice expressing ApoE4 showed memory impairments not seen in age- 

and genotype-matched male mice or in mice expressing ApoE4 or murine ApoE-deficient 

female mice [41]. At 18 months of age, the cognitive impairments in ApoE4 female mice 

became more pronounced and learning impairments were seen as well [42].

Differences in telomere length have also been reported to be linked to biological sex and 

APOE ε4 genotype. In comparison to noncarriers, women carrying the APOE ε4 allele 

tend to have shorter telomeres—the caps on the ends of chromosomes that prevent them 

from recombination or degradation—than those of men in the same study. Telomere length 

reflects cellular age and has been linked to neurodegeneration and cognitive decline in the 

elderly [43]. Some studies suggest that the sex difference in telomere length may be driven 

by estrogen [44]. Indeed, in a 2-year study of high-functioning postmenopausal women, 

APOE ε4 carriers exhibited telomere shortening compared with noncarriers, hormone 

replacement (HR) prevented this decline in telomere length among APOE ε4 carriers, but 

not noncarriers [43]. It is unclear how APOE ε4 may contribute to disease-related biology, 

whether it increases risk or it has a biological interaction in disease-related pathways.
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Additional roles that APOE may play in the context of stress and depression are expounded 

in Section 2.2, further suggesting that it plays a differential role in sex differences for disease 

vulnerability.

2.3. Hormones and AD

Sex hormones may play important roles linked to sex vulnerability to aging and to AD. 

With regard to estrogen replacement in women, there is an enigmatic gap between the 

results of animal models and those in randomized control trials in humans [30]. In 

animal models, estrogen may be neuroprotective in the normal brain through a myriad 

of possible mechanisms [28,30,45–48], including increasing hippocampal dendritic spine 

density [49], long-term potentiation [50], and neurotransmitters [51]; it may also be 

protective in the context of AD-related toxicity including decreasing cell death [52] and 

reducing Aβ accumulation and tau hyperphosphorylation [45]. Although many observational 

studies in women suggest that estrogen replacement improved aspects of cognition, the 

randomized, prospective clinical trials to test the hypothesis including the Women’s Health 

Initiative Memory Study (WHIMS) and the Kronos Early Estrogen Prevention Cognitive and 

Affective Study have not shown benefit [30,53–57]. Reasons for the discrepancies require 

further investigation.

Androgens have also been suggested to be protective against Aβ-induced pathology [58–

60], and age-related testosterone depletion is associated with AD [61]. In animal models, 

testosterone, dihydrotestosterone 40, and selective androgen receptor modulators [62] 

have been shown to improve cognitive performance in mice lacking mouse APOE and 

expressing ApoE4 in brain, whereas male mice expressing ApoE4 were more susceptible 

to cognitive impairments after treatment with androgen receptor blockers [63]. Consistent 

with these data, the effects of ApoE4 on cognition were modulated in mice expressing a 

dysfunctional androgen receptor, testicular feminization mutants (tfm) [64]. Sex differences 

in the distribution of estrogen receptors may also contribute to sex dimorphisms in cognitive 

and behavioral skills, as well as sex differences in brain structure, metabolism, synaptic 

plasticity, and the organization of neural circuits [65]. Differential exposure to hormones 

during development and adulthood may also contribute to physiologic outcomes relevant to 

disease.

Hormone studies with rhesus macaque monkeys mimic the hormonal changes in women 

throughout the life course and have reported that there are modest sex-based differences 

in how hormones affect cognitive decline as the monkeys age [66]. Specifically, female 

rhesus monkeys undergoing menopause experienced somewhat greater declines in executive 

function than did similarly aged males. Furthermore, female monkeys with surgically 

removed ovaries that received therapy of estradiol demonstrated significantly improved brain 

function, as measured by synaptic health [67]. More research is needed to understand the 

impact of hormone level fluctuation in relation to cognition at specific stages.

Although both sexes experience hormonal declines in midlife, the loss of estrogen in women 

during menopause is more abrupt than the loss of testosterone in middle-aged men [28]. 

Although women experience changes in hormonal levels throughout their life course, in 

recent years there has been a particular focus on the time period called perimenopause 
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[68], during which the female body makes the natural transition toward menopause and 

experiences significant alterations and disruptions in hormone levels, especially estrogen 

and progesterone [69,70]. These hormonal changes lead not only to reproductive senescence 

but also to a wide range of neurologic symptoms, including disruptions in temperature 

regulation (i.e., “hot flashes” or “flushes”), sleep, cognition, and mood [71]. For example, 

studies suggest that the loss of estrogen during perimenopause may impact verbal memory 

[72].

Mechanistically, these neurologic symptoms may be related to metabolic dysregulation 

in the brain brought about by a decline in circulating estrogen [73]. Rodent studies 

suggest that estrogen regulates the bioenergetics system in the brain through the estrogen 

receptor network, enabling mitochondria to convert glucose into energy [71,73,74]. In mice, 

declining estrogen levels during menopause force a shift to a less efficient energy source—

ketone bodies [75]. This process represents a kind of “starvation mechanism,” and its results 

appear to be irreversible. Furthermore, the loss of estrogen has also been linked to increased 

levels of A3, an effect which is modulated by APOE [76]. The role that metabolic pathways 

may play is discussed in Section 2.4; however, the degree to which these relationships are 

also observed in humans requires further study.

Animal studies show that perimenopausal declines in energy metabolism measures are 

associated with a decrease of synaptic activity in the brain, suggesting a possible intersection 

of hormonal changes with neuronal plasticity [77]. Although all women go through 

perimenopause, only approximately 80% experience the associated side effects, most 

commonly hot flushes, but also cognitive dysfunction, insomnia, depression, headaches, 

and disruption of circadian rhythms [68]. Epidemiologic studies suggest that in cases when 

women experience “hot flushes” in the context of one or more neurologic disorder(s), they 

are also at greater risk for future cognitive decline, including AD. Other elements may 

also play a role in whether perimenopause may influence dementia vulnerability, including 

ethnicity, baseline cognitive health, and lifestyle factors [50,71,73,78].

As mentioned earlier, several studies conducted in the 1980s and 1990s suggested that 

postmenopausal estrogen therapy might protect menopausal women from cognitive aging 

[79]. However, subsequent results from the WHIMS and other studies showed that rather 

than being protective, equine estrogen plus progestin therapy resulted in lower cognitive 

function among older women, particularly those with signs of cognitive decline at the 

beginning of the trial [55,57]. It was also associated with increased risk for dementia and 

smaller brain volumes [80,81]. In an attempt to resolve this discrepancy, it was hypothesized 

that estrogens might only be neuroprotective during a critical time period around the 

beginning of menopause [82]. Basic research supported this hypothesis [83]; however, three 

major randomized controlled clinical trials of hormone therapy given nearer the time of 

the menopausal transition have found that hormone therapy has no impact on cognition 

[56,57,84].

Throughout the life course, there are different hormone regulation pathways used by men 

and women that may be tied to cognitive health. Although not addressed during the think 

tank, the role of progesterone/progestins and the vehicle of delivery (concentrations) and 
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timing of delivery should also be considered. Whether such distinct hormonal disruptions 

for men versus women play a role in AD pathogenesis is unknown and is a significant gap 

in our understanding. Studies to investigate how hormonal changes may influence or impact 

the brain’s ability to respond to injury in men and women in midlife and late life may give 

rise to greater understanding of biological underpinnings related to AD.

2.4. Metabolic and vascular factors’ role in sex vulnerabilities

The metabolic syndrome, characterized by obesity, insulin resistance, hypertension, and 

dyslipidemia, has been linked to an increased risk of AD [85] and also increases during 

menopause [86]. Type 2 diabetes (T2D) has also been associated with an increased risk 

of AD [87,88]. Consistent with these human studies, profound cognitive impairments 

associated with reduced cerebral blood volumes are seen in female mice on a high-fat 

diet [89]. Although many of these factors may increase the risk for AD in both men and 

women, the risk factor may be stronger in one sex. As most studies have simply adjusted 

for sex, and not stratified by sex, more research is needed to determine what risk factors 

are most important in women and in men. Furthermore, sex-specific factors need to be 

considered. For example, additional metabolic contributors for women could include the 

decline in estrogen levels (as mentioned previously), increased adiposity, inflammation and 

neuroinflammation, and changes in glucose metabolism and insulin signaling [90].

Reduced cerebral glucose metabolism is one process that links insulin resistance to AD. 

Insulin resistance is also associated with cerebral hypometabolism in cognitively normal 

prediabetic older adults [91,92], greater brain amyloid deposition in the middle age 

[93], tau hyperphosphorylation, vascular dysfunction, inflammation, and dyslipidemia. The 

relationship between insulin and MCI or AD may also be moderated by sex and APOE ε4 

genotype although the exact path or role for this interaction is unclear [94,95]. Both animal 

and human studies have suggested that the response to intranasal insulin supplementation 

differs by sex, with insulin slowing cognitive decline in women but not men [96], especially 

in noncarriers of the APOE ε4 allele [97], whereas APOE ε4 carriers do not respond well 

to insulin [97]. Furthermore, there was a worsened effect on cognition for the APOE ε4 

carriers than noncarriers in this study [97]. A long-acting insulin analogue called insulin 

detemir has also been tested in adults with AD or MCI, showing significant effects on verbal 

working memory and visuospatial working memory when given at high doses [98].

Diabetes also appears to play a role in how women respond to hormone therapy. In the 

Women’s Health Initiative (WHI), >27,000 postmenopausal women were randomly assigned 

to receive hormone therapy or placebo for an average of 5.6 years in women with intact 

uteruses and 7.2 years in those with prior hysterectomy, with follow-up for a total of 13 

years [99]. In a substudy looking at the role of diabetes on brain volume, brain magnetic 

resonance imaging was done on 1402 participants 2.4 years after the trial and again on 699 

participants 4.7 years later. This study showed that women with T2D who were assigned 

hormone therapy when 65 years or older were at substantial increased risk for lower brain 

volumes compared with those without diabetes [78] and suggests that estrogen therapy 

produced adverse cognitive effects in older women with diabetes. The same trend may 

also appear in men. A follow-up study in the WHI cohort suggested that hormone therapy 
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increased the risk of dementia in women with diabetes more than in women without diabetes 

[100]. Of note, this linkage to dementia could encompass vascular dementia as well as AD 

and related disorders. Among younger women, hormone therapy appears to be cognitive safe 

[100] so that the adverse interaction between hormone therapy and diabetes appears to occur 

only later in life [101].

Metabolic differences in women and men may also account for the differential response to 

other types of therapy. For example, women compared with men may experience greater 

benefit, as measured by both metabolism and cognition, from physical activity [102,103]. 

Studies that further investigate the contributing role of vascular and metabolic mechanisms 

to brain health for women compared with men may be important to think about in regards to 

designing and testing risk and intervention strategies for AD in both sexes.

3. Lifestyle factors

In addition to biological mechanisms, potentially modifiable lifestyle factors such as 

education, occupation, social activities, exercise, sedentary behavior, diet, sleep, and cultural 

factors appear to play important roles in predicting the risk of AD and may help explain 

both gender and geographical differences in risk of the disease. However, to date, the 

impact and the role of these particular risk factors are still under investigation. Factors that 

may contribute to disparities between US and European observations of dementia incidence 

include methodological differences, such as different sample sizes and diagnostic criteria, as 

well as cultural and historical events. For example, World War II and the Cold War affected 

stress levels, survival, educational attainment, and the environment differently in Europe 

compared with the United States [19]. Formal schooling for individuals earlier in life has 

significantly increased from a generation ago; for instance, in the United States, 53% of 

adults aged ≥65 years finished high school in 1990 compared with 80% in 2010. The impact 

of educational attainment between men and women may also be an area for investigation 

[19,20,104]. Men and women may experience and respond to stress in different ways. Sex 

differences have been demonstrated in the brain’s stress response circuitry, which includes 

multiple cortical and subcortical regions that regulate the hypothalamic-pituitary-adrenal 

(HPA) and hypothalamic-pituitary-gonadal axes [105,106]. The HPA axis responds to stress 

by secreting glucocorticoids—cortisol in humans—which has many varied physiological 

effects on metabolic, immune, cardiovascular, and cognitive processes. Dysregulation of the 

HPA axis is associated with many psychosomatic and psychiatric disorders [106] and with 

AD in humans and animal models [107]. In humans, HPA dysfunction and the increased 

risk of AD are reflected by increased levels of circulating cortisol [108]. More recently, 

the corticotrophin-releasing factor was shown to mediate the stress response and influence 

production of Aβ, which may help explain how stress may increase AD risk [109]. Sex 

hormones, both estradiol and androgens, have also been shown to modulate HPA axis 

responsiveness and the response to stress [110]. This, along with sexual dimorphism in the 

level of corticosteroid basal globulin, may contribute to the sex differences in stress response 

[106]. Whether sex differences in response to stress contribute to sex differences in AD risk 

has not been fully explored and requires further study. Interestingly, a role for APOE in the 

regulation of the stress response and metabolic alteration was identified in APOE-deficient 
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mice [111], and human APOE isoforms differentially affect measures of anxiety in human 

APOE mice and individuals with probable AD [111–113].

In both men and women, cognitive health may be especially vulnerable to certain kinds 

of stress—including adverse family events. For example, two European studies showed 

that economic recessions at the time of birth were associated with a negative effect on 

lifelong cognitive function in several domains [114,115]. The mechanisms underlying this 

finding are unclear but may relate to nutrition, disease exposure, educational level, and/or 

psychological stress. Interestingly, the existence of social networks appeared to improve 

cognitive function [114]. In studies that examine the link between stressful life events and 

risk for AD, women who experience sustained high stress compared with men have an 

increased likelihood of developing dementia [116]. In studies of anxiety as a risk factor for 

dementia, one prospective study found that if men and women were considered separately, 

anxiety was a significant risk factor for women but not for men [117]. As such, longitudinal 

studies assessing the long-term effects of stress on men and women are greatly needed to 

understand differential impact of both stress and also on stress-reducing interventions as 

potential tools to ameliorate symptoms. Such understanding may shed light on interventions, 

individually or in combination, that may be more beneficial for women and men.

Depression and sleep disorders may also promote cognitive decline differently in women 

compared with men. Women are two times more likely than men to be diagnosed with 

depression [118,119], and women who experience cumulative symptoms of depression over 

many years may have an increased risk for MCI and dementia in old age [120,121]. Studies 

comparing men and women do not consistently find gender differences in depression as 

a risk factor [122], although one report found depression greater than 10 years before 

dementia onset was a risk for dementia only in female APOE ε4 carriers and not in female 

noncarriers or in men [123]. Certain sleep disorders, such as insomnia and fragmented 

sleep, are also more prevalent in women than in men [124]. Change in sleep patterns can 

occur over the lifespan, often affecting women in different ways at different periods [125]. 

Studies have found links between various sleep disorders and changes in Aβ levels, glucose 

metabolism, and other processes that may be related to dementia onset and progression 

[126]. In addition, altered sleep may have especially profound effects on women with APOE 
ε4 and cardiovascular disorders, where problems with oxygenation in the brain may become 

more pronounced [127]. Largely uninvestigated is whether sleep problems are a greater risk 

factor for dementia in women than in men.

4. Moving forward

Participants in the workshop identified a number of areas where increased research is needed 

to better understand the role of sex and gender on AD risk. Although it is unclear if 

women are at increased risk, there are multiple lines of evidence to suggest that differential 

biological underpinnings may contribute to disease-related changes in women and men. 

Understanding these differences will be of key importance in developing strategies for 

intervention and diagnosis. These include
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• Defining the role of sex chromosomes on AD-like biological changes, using 

GWAS and other techniques to more fully analyze the X and Y chromosomes.

• Determining how hormonal changes influence the brain and, specifically, 

cognition, including basic, translational, and clinical investigations.

• Examining the impact of APOE ε4 status impact on the pathophysiological 

pathways involved in AD dementia and AD pathology for women and how this 

may be similar or different for men.

• Investigating vascular and metabolic contributions to AD with specific focus on 

the biological pathways may contribute knowledge about how these factors may 

interact with sex to influence these pathways.

• Expanding the understanding of hormone-related changes in AD and dementia, 

including quantitative and longitudinal studies to explore life course exposure 

and changes.

• Exploring how sex differences in depression and altered sleep contribute to 

risk of cognitive decline, in pertinent animal models and utilizing big data 

approaches in human studies, such as the Global Alzheimer’s Association 

Interactive Network, to understand how these disorders vary over the lifespan 

and how they may affect women differently from men.

• Quantifying the role and impact of risk and stressor contributors to risk for men 

and women, including but not limited to obesity, diabetes, etc.

• Understanding the role of stressors throughout life, including but not limited 

to child birth, hospitalizations, other comorbidities (i.e., cancer) on biologically 

relevant disease changes.

• Conducting clinical and epidemiologic studies that assess the effect of hormonal 

changes on AD-associated amyloid and neurodegeneration biomarkers from 

midlife to late life.

• Investigating sex-based therapeutic responses, including dose-response 

differences.

• Determining whether certain populations of women may benefit or suffer harm 

from hormone replacement as we probe further into personalized medicine for 

AD.

AD research involves more than scientific inquiry; it also requires political and financial 

support from society at large. To promote these goals, a group of philanthropic partners and 

advocates joined the gender vulnerability think tank discussion to further underscore that a 

greater understanding of AD—and the costs it presents to society—could make the study 

and eradication of AD a more urgent public concern. Mobilizing women and communities 

to promote funding for sex-related differences in AD is essential. There is a significant 

call to action for the Alzheimer’s Association to identify and fund meritorious projects that 

further advance our understanding of sex-related differences in AD. Such investigations will 
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illuminate the fundamental biological underpinnings of AD and inform future therapeutic 

development for men and women affected by this disease.

5. Conclusions

Women experience a greater AD burden than men, both as individuals who develop the 

disease and as caregivers. During a 2-day discussion, the Alzheimer’s Association think tank 

on biological sex- and gender-related vulnerabilities examined a wide variety of biological 

pathways and lifestyle factors that might be linked to this increased burden. It also raised 

several important questions: Why are women with APOE ε4 more likely to have severe AD? 

Which X-chromosome genes may influence resilience or vulnerability to AD in women? 

Is there a specific population of women who may benefit from estrogen therapy? Could 

selective estrogen and androgen receptor modulators be treatment options? How may earlier 

treatment of anxiety, depression, sleep disturbance, or metabolic disease help prevent or 

delay dementia in women?

All these questions suggest numerous avenues for future AD studies. Basic science research 

at the molecular level will need to focus on how age-related changes in estrogen and 

androgen receptor function, loss of telomere length, metabolic alterations, and other 

processes of aging are related to cognitive decline. Clinical studies will need to explore 

how hormones interact with changes linked to pre-clinical AD, including inflammation and 

toxic AP and tau clumping. Since this meeting, the Alzheimer’s Association launched the 

Sex and Gender in Alzheimer’s Disease request for applications through the Association’s 

International Research Grant Program to fund scientific investigations addressing essential 

questions generated during the think tank and to move to a greater understanding of the 

underlying pathophysiology of AD.

Ultimately, the most effective dementia therapies may need to be tailored for each 

individual, taking into account factors tied to genetics, metabolic state, bioenergetics, 

lifestyle, comorbidities, and stage of life. This tailored approach has already shown promise 

in the treatment of cancer and other diseases once thought to be incurable, but which 

are now eminently treatable and do not prevent afflicted individuals from enjoying long, 

productive lives. By working together, the scientific community along with stakeholders 

across the board will achieve a world where AD cannot limit our ability to live long, 

vigorous, vital lives; understanding how sex differences contribute to AD risk may provide 

important clues to achieving this goal.

Acknowledgments

This manuscript reflects discussions during a 2-day think tank meeting convened and hosted by the Alzheimer’s 
Association.

References

[1]. Bouldin ED, Andresen E. Caregiving Across the United States: Caregivers of Persons with 
Alzheimer’s Disease or Dementia in 8 States and the District of Columbia. Data from the 2009 & 
2010 Behavioral Risk Factor Surveillance System. Alzheimer’s Association; 2010. Washington, 
DC, USA.

Snyder et al. Page 12

Alzheimers Dement. Author manuscript; available in PMC 2023 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[2]. Alzheimer’s Association. 2014 Alzheimer’s disease facts and figures. Alzheimers Dement 
2014;10:e47–92. [PubMed: 24818261] 

[3]. Shriver M, Association TAs. The Shriver Report: A Woman’s National Takes on Alzheimer’s. 
New York, NY: Free Press, a division of Simon & Schuster, Inc.; 2010.

[4]. Hebert LE, Scherr PA, McCann JJ, Beckett LA, Evans DA. Is the risk of developing Alzheimer’s 
disease greater for women than for men? Am J Epidemiol 2001;153:132–6. [PubMed: 11159157] 

[5]. Vina J, Lloret A. Why women have more Alzheimer’s disease than men: gender and mitochondrial 
toxicity of amyloid-beta peptide. J Alzheimers Dis 2010;20 Suppl 2:S527–33. [PubMed: 
20442496] 

[6]. Lapane KL, Gambassi G, Landi F, Sgadari A, Mor V, Bemabei R. Gender differences in 
predictors of mortality in nursing home residents with AD. Neurology 2001;56:650–4. [PubMed: 
11245718] 

[7]. Fitzpatrick AL, Kuller LH, Lopez OL, Kawas CH, Jagust W. Survival following dementia onset: 
Alzheimer’s disease and vascular dementia. J Neurol Sei 2005;229–230:43–9.

[8]. Ganguli M, Dodge HH, Shen C, Pandav RS, DeKosky ST. Alzheimer disease and mortality: a 
15-year epidemiological study. Arch Neurol 2005;62:779–84. [PubMed: 15883266] 

[9]. Larson EB, Shadlen MF, Wang L, McCormick WC, Bowen JD, Teri L, et al. Survival after initial 
diagnosis of Alzheimer disease. Ann Intern Med 2004;140:501–9. [PubMed: 15068977] 

[10]. Kawas C, Gray S, Brookmeyer R, Fozard J, Zonderman A. Age-specific incidence rates of 
Alzheimer’s disease: the Baltimore Longitudinal Study of Aging. Neurology 2000;54:2072–7. 
[PubMed: 10851365] 

[11]. Knopman DS, Roberts RO, Pankratz VS, Cha RH, Rocca WA, Mielke MM, et al. Incidence of 
dementia among participants and nonparticipants in a longitudinal study of cognitive aging. Am J 
Epidemiol 2014;180:414–23. [PubMed: 24859276] 

[12]. Bachman DL, Wolf PA, Linn RT, Knoefel JE, Cobb JL, Belanger AJ, et al. Incidence of dementia 
and probable Alzheimer’s disease in a general population: the Framingham Study. Neurology 
1993;43:515–9. [PubMed: 8450993] 

[13]. Miech RA, Breitner JC, Zandi PP, Khachaturian AS, Anthony JC, Mayer L. Incidence of AD 
may decline in the early 90s for men, later for women: The Cache County study. Neurology 
2002;58:209–18. [PubMed: 11805246] 

[14]. Letenneur L, Gilleron V, Commenges D, Helmer C, Orgogozo JM, Dartigues JF. Are sex 
and educational level independent predictors of dementia and Alzheimer’s disease? Incidence 
data from the PA-QUID project. J Neurol Neurosurg Psychiatry 1999;66:177–83. [PubMed: 
10071096] 

[15]. Ott A, Breteler MM, van Harskamp F, Stijnen T, Hofman A. Incidence and risk of dementia. The 
Rotterdam Study. Am J Epidemiol 1998;147:574–80. [PubMed: 9521184] 

[16]. Fratiglioni L, Viitanen M, von Strauss E, Tontodonati V, Herlitz A, Winblad B. Very old women 
at highest risk of dementia and Alzheimer’s disease: incidence data from the Kungsholmen 
Project, Stockholm. Neurology 1997;48:132–8. [PubMed: 9008508] 

[17]. Brayne C, Gill C, Huppert FA, Barkley C, Gehlhaar E, Girling DM, et al. Incidence of clinically 
diagnosed subtypes of dementia in an elderly population. Cambridge Project for Later Life. Br J 
Psychiatry 1995;167:255–62.

[18]. Roberts RO, Geda YE, Knopman DS, Cha RH, Pankratz VS, Boeve BF, et al. The incidence 
of MCI differs by subtype and is higher in men: the Mayo Clinic Study of Aging. Neurology 
2012;78:342–51. [PubMed: 22282647] 

[19]. Mielke MM, Vemuri P, Rocca WA. Clinical epidemiology of Alzheimer’s disease: assessing sex 
and gender differences. Clin Epidemiol 2014;6:37–48. [PubMed: 24470773] 

[20]. Larson EB, Yaffe K, Langa KM. New Insights into the Dementia Epidemic. N Engl J Med 
2013;369:2275–7. [PubMed: 24283198] 

[21]. Chene G, Beiser A, Au R, Preis SR, Wolf PA, Dufouil C, et al. Gender and incidence of 
dementia in the Framingham Heart Study from mid-adult life. Alzheimers Dement 2015;11:310–
20. [PubMed: 24418058] 

[22]. Ngun TC, Ghahramani N, Sanchez FJ, Bocklandt S, Vilain E. The genetics of sex differences in 
brain and behavior. Front Neuroendocrinol 2011;32:227–46. [PubMed: 20951723] 

Snyder et al. Page 13

Alzheimers Dement. Author manuscript; available in PMC 2023 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[23]. Giedd JN, Raznahan A, Mills KL, Lenroot RK. Review: magnetic resonance imaging of male/
female differences in human adolescent brain anatomy. Biol Sex Differ 2012;3:19. [PubMed: 
22908911] 

[24]. Cosgrove KP, Mazure CM, Staley JK. Evolving knowledge of sex differences in brain structure, 
function, and chemistry. Biol Psychiatry 2007;62:847–55. [PubMed: 17544382] 

[25]. Pfefferbaum A, Rohlfing T, Rosenbloom MJ, Chu W, Colrain IM, Sullivan EV. Variation in 
longitudinal trajectories of regional brain volumes of healthy men and women (ages 10 to 85 
years) measured with atlas-based parcellation of MRI. Neuroimage 2013;65:176–93. [PubMed: 
23063452] 

[26]. Skup M, Zhu H, Wang Y, Giovanello KS, Lin JA, Shen D, et al. Sex differences in grey matter 
atrophy patterns among AD and aMCI patients: results from ADNI. Neuroimage 2011;56:890–
906. [PubMed: 21356315] 

[27]. McCarrey AC, An Y, Kitner-Triolo MH, Ferrucci L, Resnick SM. Sex differences in cognitive 
trajectories in clinically normal older adults. Psychol Aging 2016;1:166–75.

[28]. Barron AM, Pike CJ. Sex hormones, aging, and Alzheimer’s disease. Front Biosci (Elite Ed) 
2012;4:976–97. [PubMed: 22201929] 

[29]. Broestl L, Worden K, Wang D, Devidze N, Kim DH, Chang K, et al. The X-Chromosome 
decreases mortality and confers resilience against Alzheimer’s deficits. Abstract M227WIP. Ann 
Neurol 2015;78:S87.

[30]. Dubai DB, Broestl L, Worden K. Sex and gonadal hormones in mouse models of Alzheimer’s 
disease: what is relevant to the human condition? Biol Sex Differ 2012;3:24. [PubMed: 
23126652] 

[31]. Winham SJ, de Andrade M, Miller VM. Genetics of cardiovascular disease: Importance of sex 
and ethnicity. Atherosclerosis 2015;241:219–28. [PubMed: 25817330] 

[32]. Wise AL, Gyi L, Manolio TA. exclusion: toward integrating the X chromosome in genome-wide 
association analyses. Am J Hum Genet 2013;92:643–7. [PubMed: 23643377] 

[33]. Karch CM, Goate AM. Alzheimer’s Disease Risk Genes and Mechanisms of Disease 
Pathogenesis. Biol Psychiatry 2015;77:43–51. [PubMed: 24951455] 

[34]. Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, Small GW, et al. Gene 
dose of apolipoprotein E type 4 allele and the risk of Alzheimer’s disease in late onset families. 
Science 1993;261:921–3. [PubMed: 8346443] 

[35]. Liu CC, Kanekiyo T, Xu H, Bu G. Apolipoprotein E and Alzheimer disease: risk, mechanisms 
and therapy. Nat Rev Neurol 2013;9:106–18. [PubMed: 23296339] 

[36]. Farrer LA, Cupples LA, Haines JL, Hyman B, Kukull WA, Mayeux R, et al. Effects of 
age, sex, and ethnicity on the association between apolipoprotein E genotype and Alzheimer 
disease. A meta-analysis. APOE and Alzheimer Disease Meta Analysis Consortium. JAMA 
1997;278:1349–56. [PubMed: 9343467] 

[37]. Altmann A, Tian L, Henderson VW, Greicius MD, Alzheimer’s Disease Neuroimaging Initiative 
Investigators. Sex modifies the APOE-related risk of developing Alzheimer disease. Ann Neurol 
2014; 75:563–73. [PubMed: 24623176] 

[38]. Damoiseaux JS, Seeley WW, Zhou J, Shirer WR, Coppola G, Karydas A, et al. Gender modulates 
the APOE epsilon4 effect in healthy older adults: convergent evidence from functional brain 
connectivity and spinal fluid tau levels. J Neurosci 2012;32:8254–62. [PubMed: 22699906] 

[39]. Sampedro F, Vilaplana E, de Leon MJ, Alcolea D, Pegueroles J, Montal V, et al. APOE-by-
sex interactions on brain structure and metabolism in healthy elderly controls. Oncotarget 
2015;6:26663–74. [PubMed: 26397226] 

[40]. Fleisher AS, Sun S, Taylor C, Ward CP, Gamst AC, Petersen RC, et al. Volumetric MRI vs 
clinical predictors of Alzheimer disease in mild cognitive impairment. Neurology 2008;70:191–
9. [PubMed: 18195264] 

[41]. Raber J, Wong D, Buttini M, Orth M, Bellosta S, Pitas RE, et al. Isoform-specific effects 
of human apolipoprotein E on brain function revealed in ApoE knockout mice: increased 
susceptibility of females. Proc Natl Acad Sci U S A 1998;95:10914–9. [PubMed: 9724804] 

[42]. Raber J, Wong D, Yu GQ, Buttini M, Mahley RW, Pitas RE, et al. Apolipoprotein E and cognitive 
performance. Nature 2000; 404:352–4.

Snyder et al. Page 14

Alzheimers Dement. Author manuscript; available in PMC 2023 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[43]. Jacobs EG, Kroenke C, Lin J, Epel ES, Kenna HA, Blackburn EH, et al. Accelerated cell 
aging in female APOE-epsilon4 carriers: implications for hormone therapy use. PLoS One 
2013;8:e54713. [PubMed: 23418430] 

[44]. Bayne S, Jones ME, Li H, Pinto AR, Simpson ER, Liu JP. Estrogen deficiency leads to 
telomerase inhibition, telomere shortening and reduced cell proliferation in the adrenal gland 
of mice. Cell Res 2008;18:1141–50. [PubMed: 18936784] 

[45]. Pike CJ, Carroll JC, Rosario ER, Barron AM. Protective actions of sex steroid hormones in 
Alzheimer’s disease. Front Neuroendocrinol 2009;30:239–58. [PubMed: 19427328] 

[46]. Luine VN. Sex steroids and cognitive function. J Neuroendocrinol 2008;20:866–72. [PubMed: 
18513207] 

[47]. Luine VN. Estradiol and cognitive function: past, present and future. Horm Behav 2014;66:602–
18. [PubMed: 25205317] 

[48]. Rapp PR, Morrison JH, Roberts JA. Cyclic estrogen replacement improves cognitive function in 
aged ovariectomized rhesus monkeys. J Neurosci 2003;23:5708–14. [PubMed: 12843274] 

[49]. Cooke BM, Woolley CS. Gonadal hormone modulation of dendrites in the mammalian CNS. J 
Neurobiol 2005;64:34–46. [PubMed: 15884004] 

[50]. Brinton RD. Estrogen-induced plasticity from cells to circuits: predictions for cognitive function. 
Trends Pharmacol Sei 2009;30:212–22.

[51]. Gibbs RB. Estrogen therapy and cognition: a review of the cholinergic hypothesis. Endocr Rev 
2010;31:224–53. [PubMed: 20019127] 

[52]. Simpkins JW, Yi KD, Yang SH, Dykens JA. Mitochondrial mechanisms of estrogen 
neuroprotection. Biochim Biophys Acta 2010; 1800:1113–20. [PubMed: 19931595] 

[53]. Carcaillon L, Brailly-Tabard S, Ancelin ML, Rouaud O, Dartigues JF, Guiochon-Mantel A, et 
al. High plasma estradiol interacts with diabetes on risk of dementia in older postmenopausal 
women. Neurology 2014;82:504–11. [PubMed: 24477111] 

[54]. Laughlin GA, Kritz-Silverstein D, Barrett-Connor E. Endogenous oestrogens predict 4-year 
decline in verbal fluency in postmenopausal women: the Rancho Bernardo Study. Clin 
Endocrinol (Oxf) 2010;72:99–106. [PubMed: 19508596] 

[55]. Espeland MA, Rapp SR, Shumaker SA, Brunner R, Manson JE, Sherwin BB, et al. Conjugated 
equine estrogens and global cognitive function in postmenopausal women: Women’s Health 
Initiative Memory Study. JAMA 2004;291:2959–68. [PubMed: 15213207] 

[56]. Gleason CE, Dowling NM, Wharton W, Manson JE, Miller VM, Atwood CS, et al. 
Effects of Hormone Therapy on Cognition and Mood in Recently Postmenopausal Women: 
Findings from the Randomized, Controlled KEEPS-Cognitive and Affective Study. PLoS Med 
2015;12:el001833. discussion el001833.

[57]. Henderson VW, St John JA, Hodis HN, McCleary CA, Stanczyk FZ, Shoupe D, et al. Cognitive 
effects of estradiol after menophase: a randomized trial of the timing hypothesis. Neurology 
2016;87:699–708. [PubMed: 27421538] 

[58]. Nguyen TV, Yao M, Pike CJ. Androgens activate mitogen-activated protein kinase signaling: role 
in neuroprotection. J Neurochem 2005;94:1639–51. [PubMed: 16011741] 

[59]. Pike CJ. Testosterone attenuates beta-amyloid toxicity in cultured hippocampal neurons. Brain 
Res 2001;919:160–5. [PubMed: 11689174] 

[60]. Ramsden M, Nyborg AC, Murphy MP, Chang L, Stanczyk FZ, Golde TE, et al. Androgens 
modulate beta-amyloid levels in male rat brain. J Neurochem 2003;87:1052–5. [PubMed: 
14622134] 

[61]. Rosario ER, Chang L, Stanczyk FZ, Pike CJ. Age-related testosterone depletion and the 
development of Alzheimer disease. JAMA 2004;292:1431–2. [PubMed: 15383512] 

[62]. Acevedo S, Gardell L, Bradley SR, Piu F, Raber J. Selective androgen receptor modulators 
antagonize apolipoprotein E4-induced cognitive impairment. Lett Drug Des Discov 2008;5:271–
6.

[63]. Raber J, Bongers G, LeFevour A, Buttini M, Mucke L. Androgens protect against apolipoprotein 
E4-induced cognitive deficits. J Neurosci 2002;22:5204–9. [PubMed: 12077215] 

[64]. Rizk-Jackson A, Robertson J, Raber J. Tfm-AR modulates the effects of ApoE4 on cognition. J 
Neurochem 2008;105:63–7. [PubMed: 18039320] 

Snyder et al. Page 15

Alzheimers Dement. Author manuscript; available in PMC 2023 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[65]. Gillies GE, McArthur S. Estrogen actions in the brain and the basis for differential action in 
men and women: a case for sex-specific medicines. Pharmacol Rev 2010;62:155–98. [PubMed: 
20392807] 

[66]. Wang AC, Hara Y, Janssen WG, Rapp PR, Morrison JH. Synaptic estrogen receptor-alpha levels 
in prefrontal cortex in female rhesus monkeys and their correlation with cognitive performance. J 
Neurosci 2010;30:12770–6. [PubMed: 20861381] 

[67]. Hara Y, Yuk F, Puri R, Janssen WG, Rapp PR, Morrison JH. Estrogen Restores Multisynaptic 
Boutons in the Dorsolateral Prefrontal Cortex while Promoting Working Memory in Aged 
Rhesus Monkeys. J Neurosci 2016;36:901–10. [PubMed: 26791219] 

[68]. Brinton RD, Yao J, Yin F, Mack WJ, Cadenas E. Perimenopause as a neurological transition 
state. Nat Rev Endocrinol 2015;11:393–405. [PubMed: 26007613] 

[69]. Maki PM. Critical window hypothesis of hormone therapy and cognition: a scientific update on 
clinical studies. Menopause 2013;20:695–709. [PubMed: 23715379] 

[70]. Rocca WA, Grossardt BR, Shuster LT. Oophorectomy, menopause, estrogen, and cognitive aging: 
the timing hypothesis. Neurodegener Dis 2010;7:163–6. [PubMed: 20197698] 

[71]. Brinton RD, Yao J, Yin F, Mack WJ, Cadenas E. Perimenopause as a neurological transition 
state. Nat Rev Endocrinol 2015;11:393–405. [PubMed: 26007613] 

[72]. Weber MT, Rubin LH, Maki PM. Cognition in perimenopause: the effect of transition stage. 
Menopause 2013;20:511–7. [PubMed: 23615642] 

[73]. Rettberg JR, Yao J, Brinton RD. Estrogen: a master regulator of bioenergetic systems in the brain 
and body. Front Neuroendocrinol 2014; 35:8–30. [PubMed: 23994581] 

[74]. Brinton RD. The healthy cell bias of estrogen action: mitochondrial bioenergetics and 
neurological implications. Trends Neurosci 2008; 31:529–37. [PubMed: 18774188] 

[75]. Yao J, Hamilton RT, Cadenas E, Brinton RD. Decline in mitochondrial bioenergetics and shift 
to ketogenic profile in brain during reproductive senescence. Biochim Biophys Acta 2010; 
1800:1121–6. [PubMed: 20538040] 

[76]. Kunzler J, Braun K, Bock J. Early life stress and sex-specific sensitivity of the catecholaminergic 
systems in prefrontal and limbic regions of Octodon degus. Brain Struct Funct 2015;220:861–8. 
[PubMed: 24343570] 

[77]. Yin F, Yao J, Sancheti H, Feng T, Melcangi RC, Morgan TE, et al. The perimenopausal 
aging transition in the female rat brain: decline in bioenergetic systems and synaptic plasticity. 
Neurobiol Aging 2015;36:2282–95. [PubMed: 25921624] 

[78]. Espeland MA, Brinton RD, Manson JE, Yaffe K, Hugenschmidt C, Vaughan L, et al. 
Postmenopausal hormone therapy, type 2 diabetes mellitus, and brain volumes. Neurology 
2015;85:1131–8. [PubMed: 26163429] 

[79]. Sherwin BB. Estrogen and cognitive functioning in women. Endocr Rev 2003;24:133–51. 
[PubMed: 12700177] 

[80]. Shumaker SA, Legault C, Kuller L, Rapp SR, Thal L, Lane DS, et al. Conjugated equine 
estrogens and incidence of probable dementia and mild cognitive impairement in postmenopausal 
women: Women’s Health Initiative Study. JAMA 2004;291:2947–58. [PubMed: 15213206] 

[81]. Resnick SM, Espeland MA, Jaramillo SA, Hirsch C, Stefanick ML, Murray AM, et al. 
Postmenopausal hormone therapy and regional brain volume: the WHIMS -MRI Study. 
Neurology 2009;72:135–12. [PubMed: 19139364] 

[82]. Sherwin BB. The critical period hypothesis: can it explain discrepancies in the oestrogen-
cognition literature? J Neuroendocrinol 2007;19:77–81. [PubMed: 17214869] 

[83]. Daniel JM, Bohacek J. The critical period hypothesis of estrogen effects on cognition: Insights 
from basic research. Biochim Biophys Acta 2010;1800:1068–76. [PubMed: 20100548] 

[84]. Espeland MA, Shumaker SA, Leng I, Manson JE, Brown CM, LeBlanc ES, et al. Long-term 
effects on cognitive function of postmenopausal hormone therapy prescribed to women aged 50 
to 55 years. JAMA Intern Med 2013;173:1429–36. [PubMed: 23797469] 

[85]. Razay G, Vreugdenhil A, Wilcock G. The metabolic syndrome and Alzheimer disease. Arch 
Neurol 2007;64:93–6. [PubMed: 17210814] 

[86]. Carr MC. The emergence of the metabolic syndrome with menopause. J Clin Endocrinol Metab 
2003;88:2404–11. [PubMed: 12788835] 

Snyder et al. Page 16

Alzheimers Dement. Author manuscript; available in PMC 2023 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[87]. Luchsinger JA, Tang MX, Shea S, Mayeux R. Hyperinsulinemia and risk of Alzheimer disease. 
Neurology 2004;63:1187–92. [PubMed: 15477536] 

[88]. Profenno LA, Porsteinsson AP, Faraone SV. Meta-analysis of Alzheimer’s disease risk with 
obesity, diabetes, and related disorders. Biol Psychiatry 2010;67:505–12. [PubMed: 19358976] 

[89]. Johnson LA, Zuloaga KL, Kugelman TL, Mader KS, Moire JT, Zuloaga DG, et al. Amelioration 
of Metabolic Syndrome-Associated Cognitive Impairments in Mice via a Reduction in Dietary 
Fat Content or Infusion of Non-Diabetic Plasma. EBioMedicine 2016;3:26–42. [PubMed: 
26870815] 

[90]. Christensen A, Pike CJ. Menopause, obesity and inflammation: interactive risk factors for 
Alzheimer’s disease. Front Aging Neurosci 2015;7:130. [PubMed: 26217222] 

[91]. Baker LD, Cross DJ, Minoshima S, Belongia D, Watson GS, Craft S. Insulin resistance and 
Alzheimer-like reductions in regional cerebral glucose metabolism for cognitively normal adults 
with prediabetes or early type 2 diabetes. Arch Neurol 2011;68:51–7. [PubMed: 20837822] 

[92]. Langbaum JB, Chen K, Lee W, Reschke C, Bandy D, Fleisher AS, et al. Categorical and 
correlational analyses of baseline fluorodeoxy-glucose positron emission tomography images 
from the Alzheimer’s Disease Neuroimaging Initiative (ADNI). Neuroimage 2009; 45:1107–16. 
[PubMed: 19349228] 

[93]. Willette AA, Johnson SC, Birdsill AC, Sager MA, Christian B, Baker LD, et al. Insulin resistance 
predicts brain amyloid deposition in late middle-aged adults. Alzheimers Dement 2015;11:504–
5101. [PubMed: 25043908] 

[94]. Cholerton B, Baker LD, Trittschuh EH, Crane PK, Larson EB, Arbuckle M, et al. Insulin and sex 
interactions in older adults with mild cognitive impairment. J Alzheimers Dis 2012;31:401–10. 
[PubMed: 22571978] 

[95]. Reger MA, Watson GS, Green PS, Baker LD, Cholerton B, Fishel MA, et al. Intranasal insulin 
administration dose-dependently modulates verbal memory and plasma amyloid-beta in memory-
impaired older adults. J Alzheimers Dis 2008;13:323–31. [PubMed: 18430999] 

[96]. Benedict C, Kern W, Schultes B, Bom J, Hallschmid M. Differential sensitivity of men and 
women to anorexigenic and memory-improving effects of intranasal insulin. J Clin Endocrinol 
Metab 2008;93:1339–44. [PubMed: 18230654] 

[97]. Claxton A, Baker LD, Wilkinson CW, Trittschuh EH, Chapman D, Watson GS, et al. Sex and 
ApoE genotype differences in treatment response to two doses of intranasal insulin in adults with 
mild cognitive impairment or Alzheimer’s disease. J Alzheimers Dis 2013; 35:789–97. [PubMed: 
23507773] 

[98]. Claxton A, Baker LD, Hanson A, Trittschuh EH, Cholerton B, Morgan A, et al. Long-acting 
intranasal insulin detemir improves cognition for adults with mild cognitive impairment or early-
stage Alzheimer’s disease dementia. J Alzheimers Dis 2015; 44:897–906. [PubMed: 25374101] 

[99]. Manson JE, Chlebowski RT, Stefanick ML, Aragaki AK, Rossouw JE, Prentice RL, et 
al. Menopausal hormone therapy and health outcomes during the intervention and extended 
poststopping phases of the Women’s Health Initiative randomized trials. JAMA 2013;310:1353–
68. [PubMed: 24084921] 

[100]. Espeland MA, Brinton RD, Hugenschmidt C, Manson JE, Craft S, Yaffe K, et al. Impact of 
Type 2 Diabetes and Postmenopausal Hormone Therapy on Incidence of Cognitive Impairment in 
Older Women. Diabetes Care 2015;38:2316–24. [PubMed: 26486190] 

[101]. Espeland MA, Rapp SR, Manson JE, Goveas JS, Shumaker SA, Hayden KM, et al. Long 
term effects on cognition trajectories of postmenopausal hormone therapy in two age groups. J 
Gerontol A Biol Sei Med Sei 2016; 10.1093/gerona/glwl56.

[102]. Baker LD, Frank LL, Foster-Schubert K, Green PS, Wilkinson CW, McTieman A, et al. 
Aerobic exercise improves cognition for older adults with glucose intolerance, a risk factor for 
Alzheimer’s disease. J Alzheimers Dis 2010;22:569–79. [PubMed: 20847403] 

[103]. Young J, Angevaren M, Rusted J, Tabet N. Aerobic exercise to improve cognitive function 
in older people without known cognitive impairment. Cochrane Database Syst Rev 2015; 
4:CD005381.

[104]. Americans Older 2016: Key Indicators of Well-Being. Available at: http://www.agingstats.gov/. 
Accessed August 5, 2016.

Snyder et al. Page 17

Alzheimers Dement. Author manuscript; available in PMC 2023 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.agingstats.gov/


[105]. Goldstein JM, Jerram M, Abbs B, Whitfield-Gabrieli S, Makris N. Sex differences in stress 
response circuitry activation dependent on female hormonal cycle. J Neurosci 2010;30:431–8. 
[PubMed: 20071507] 

[106]. Kudielka BM, Kirschbaum C. Sex differences in HPA axis responses to stress: a review. Biol 
Psychol 2005;69:113–32. [PubMed: 15740829] 

[107]. Du X, Pang TY. Is Dysregulation of the HPA-Axis a Core Pathophysiology Mediating 
Co-Morbid Depression in Neurodegenerative Diseases? Front Psychiatry 2015;6:32. [PubMed: 
25806005] 

[108]. Green KN, Billings LM, Roozendaal B, McGaugh JL, LaFerla FM. Glucocorticoids increase 
amyloid-beta and tau pathology in a mouse model of Alzheimer’s disease. J Neurosci 
2006;26:9047–56. [PubMed: 16943563] 

[109]. Park HJ, Ran Y, Jung JI, Holmes O, Price AR, Smithson L, et al. The stress response 
neuropeptide CRF increases amyloid-beta production by regulating gamma-secretase activity. 
EMBO J 2015;34:1674–86. [PubMed: 25964433] 

[110]. Baker LD, Asthana S, Cholerton BA, Wilkinson CW, Plymate SR, Green PS, et al. Cognitive 
response to estradiol in postmenopausal women is modified by high cortisol. Neurobiol Aging 
2012; 33:e9–20.

[111]. Raber J, Akana SF, Bhatnagar S, Dallman MF, Wong D, Mucke L. Hypothalamic-pituitary-
adrenal dysfunction in Apoe(−/−) mice: possible role in behavioral and metabolic alterations. J 
Neurosci 2000;20:2064–71. [PubMed: 10684907] 

[112]. Johnson LA, Zuloaga DG, Bidiman E, Marzulla T, Weber S, Wahbeh H, et al. 
ApoE2 Exaggerates PTSD-Related Behavioral, Cognitive, and Neuroendocrine Alterations. 
Neuropsychopharmacology 2015;40:2443–53. [PubMed: 25857685] 

[113]. Robertson J, Curley J, Kaye J, Quinn J, Pfankuch T, Raber J. apoE isoforms and measures of 
anxiety in probable AD patients and Apoe−/− mice. Neurobiol Aging 2005;26:637–43. [PubMed: 
15708438] 

[114]. Doblhammer G, van den Berg GJ, Fritze T. Economic conditions at the time of birth and 
cognitive abilities late in life: evidence from ten European countries. PLoS One 2013;8:e74915. 
[PubMed: 24040361] 

[115]. Leist AK, Hessel P, Avendano M. Do economic recessions during early and mid-adulthood 
influence cognitive function in older age? J Epidemiol Community Health 2014;68:151–8. 
[PubMed: 24258197] 

[116]. Johansson L, Guo X, Hallstrom T, Norton MC, Waem M, Ostling S, et al. Common 
psychosocial stressors in middle-aged women related to longstanding distress and increased risk 
of Alzheimer’s disease: a 38-year longitudinal population study. BMJ Open 2013;3:e003142.

[117]. Petkus AJ, Reynolds CA, Wetherell JL, Kremen WS, Pedersen NL, Gatz M. Anxiety 
is associated with increased risk of dementia in older Swedish twins. Alzheimers Dement 
2016;12:399–406. [PubMed: 26549599] 

[118]. Hyde JS, Mezulis AH, Abramson LY. The ABCs of depression: integrating affective, biological, 
and cognitive models to explain the emergence of the gender difference in depression. Psychol 
Rev 2008;115:291–313. [PubMed: 18426291] 

[119]. Piccinelli M, Wilkinson G. Gender differences in depression. Critical review. Br J Psychiatry 
2000;177:486–92. [PubMed: 11102321] 

[120]. Goveas JS, Espeland MA, Woods NF, Wassertheil-Smoller S, Kotchen JM. Depressive 
symptoms and incidence of mild cognitive impairment and probable dementia in elderly women: 
the Women’s Health Initiative Memory Study. J Am Geriatr Soc 2011;59:57–66. [PubMed: 
21226676] 

[121]. Yaffe K, Blackwell T, Gore R, Sands L, Reus V, Browner WS. Depressive symptoms and 
cognitive decline in nondemented elderly women: a prospective study. Arch Gen Psychiatry 
1999;56:425–30. [PubMed: 10232297] 

[122]. Wilson RS, Barnes LL, Mendes de Leon CF, Aggarwal NT, Schneider JS, Bach J, et 
al. Depressive symptoms, cognitive decline, and risk of AD in older persons. Neurology 
2002;59:364–70. [PubMed: 12177369] 

Snyder et al. Page 18

Alzheimers Dement. Author manuscript; available in PMC 2023 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[123]. Karlsson IK, Bennet AM, Ploner A, Andersson TM, Reynolds CA, Gatz M, et al. 
Apolipoprotein E epsilon4 genotype and the temporal relationship between depression and 
dementia. Neurobiol Aging 2015;36:1751–6. [PubMed: 25670333] 

[124]. Phillips BA, Collop NA, Drake C, Consens F, Vgontzas AN, Weaver TE. Sleep disorders and 
medical conditions in women. Proceedings of the Women & Sleep Workshop, National Sleep 
Foundation, Washington, DC, March 5–6,2007. J Womens Health (Larchmt) 2008;17:1191–9. 
[PubMed: 18710367] 

[125]. Kravitz HM, Joffe H. Sleep during the perimenopause: a SWAN story. Obstet Gynecol Clin 
North Am 2011;38:567–86. [PubMed: 21961720] 

[126]. Kang JE, Lim MM, Bateman RJ, Lee JJ, Smyth LP, Cirrito JR, et al. Amyloid-beta 
dynamics are regulated by orexin and the sleep-wake cycle. Science 2009;326:1005–7. [PubMed: 
19779148] 

[127]. Spira AP, Blackwell T, Stone KL, Rediine S, Cauley JA, Ancoli-Israel S, et al. Sleep-disordered 
breathing and cognition in older women. J Am Geriatr Soc 2008;56:45–50. [PubMed: 18047498] 

Snyder et al. Page 19

Alzheimers Dement. Author manuscript; available in PMC 2023 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RESEARCH IN CONTEXT

1. Systematic review: Women experience a greater AD burden than men, both 

as individuals who develop the disease and as caregivers. The Alzheimer’s 

Association convened an expert think tank to focus on the state of the science 

and level of evidence around gender and biological sex differences for AD.

2. Interpretation: During this 2-day think tank, researchers focused on 

knowledge gaps and areas of science that need to be more fully addressed. 

Discussion focused on biological sex- and gender-related vulnerabilities and 

examined a wide variety of mechanistic pathways and lifestyle factors that 

might be associated with this increased burden. Participants in the think tank 

identified a number of areas where increased research is needed to better 

understand the role of sex and gender on AD risk.

3. Future directions: By working together, the scientific community along with 

stakeholders across the board will achieve a world where AD cannot limit our 

ability to live long, vigorous, vital lives; understanding how sex differences 

contribute to AD risk may provide important clues to achieving this goal.
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