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Abstract Introduction: Precision medicine methodologies and approaches have advanced our understanding
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of the clinical presentation, development, progression, and management of Alzheimer’s disease (AD)
dementia. However, sex and gender have not yet been adequately integrated into many of these ap-
proaches.
Methods: The Society for Women’s Health Research Interdisciplinary Network on AD, comprised
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and gender differences in AD.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegener-
ative disease that causes memory loss, cognitive deficits, and
behavioral changes. More than 5.5 million Americans,
including an estimated 5.3 million people aged 65 years
and older, are currently living with AD dementia; approxi-
mately two-thirds of whom are women. AD dementia is
the fifth leading cause of death in the United States in women
and the eighth leading cause of death in men [1]. The eco-
nomic impact of AD is significant, costing an estimated
$259 billion for the US health-care system in 2017. By
2050, AD is projected to cost more than $1.1 trillion dollars
with fourfold increases both in government spending under
Medicare and Medicaid and in out-of-pocket spending [1].

The hallmark characteristics of AD include the presence
of extracellular senile plaques comprised of amyloid-b (Ab)
protein, intracellular neurofibrillary tangles (NFTs) made up
of abnormally phosphorylated tau protein, and neurodegen-
eration [2]. Although AD neuropathology has been well
defined, the underlying cause or causes of the disease remain
debatable. Several theories have been suggested [3],
including genetic susceptibility, the amyloid hypothesis,
accelerated aging, the cholinergic hypothesis, neuroinflam-
mation and immune dysregulation, neurovascular dysfunc-
tion, the mitochondrial cascade hypothesis, synaptic
dysfunction, and environmental risk factors. There is consid-
erable heterogeneity in AD pathology, the clinical presenta-
tion, and disease progression. Therefore, it is most likely that
multiple pathways are involved and that the specific path-
ways affected differ across individuals.

Over the last decade, precision medicine methodologies
and approaches have advanced our understanding of the
pathophysiological changes involved in the development
and progression of AD dementia and can inform the devel-
opment of targeted interventions. However, sex and gender
have not yet been integrated into precision medicine ap-
proaches. The exclusion of these factors has impeded faster
advancement in the detection and treatment of AD. Such ad-
vances are a key to optimize health-care utilization and the
high costs associated with AD care.

Sex, in medical research, refers to biological and physio-
logical differences between women and men, with sex chro-
mosomes (XX vs. XY) and gonadal hormones primarily
contributing to these differences at the cellular, organ, and
systems level. Gender refers to a combination of environ-
mental, social, and cultural influences on the biological fac-
tors in women and men. Gender is rooted in biology and
shaped by environment and experience [4]. There is growing
evidence to support that both sex and gender affect the etiol-
ogy, presentation, and treatment outcomes of many diseases.
Although, tremendous strides have been made in AD
research over the past several years, limited attention has
been given to sex and gender differences in AD, leading to
significant knowledge gaps in research and a lack of aware-
ness among the research community on sex and gender dif-
ferences in AD [5]. To maximize the development of current
and future treatments and interventions across the AD spec-
trum, sex and gender differences in ADmust be better under-
stood and measured [6–8]. By this, we mean that studies of
female/male differences in AD should focus not only on
biological sex but also on gender differences in factors
such as education, caregiving, and other gender roles, as
well as mental health factors where both biological and
social factors contribute to female/male differences.

Building on this background, the Society for Women’s
Health Research Interdisciplinary Network on Alzheimer’s
Disease, comprised of an expert panel of scientists and clini-
cians (Table 1), convened to review ongoing research and
published literature related to sex and gender differences
in AD to identify areas of need for future research. The
aims of this review are to: (1) highlight the current state of
the science in the AD field on sex and gender differences;
(2) address knowledge gaps in assessing sex and gender dif-
ferences in AD; and (3) discuss priority areas with respect to
sex and gender differences that merit further exploration.
While we understand that basic science is critical in contrib-
uting to our understanding of mechanisms underlying sex
differences in AD and warrants continued attention, this re-
view focuses explicitly on clinical research. The intent of the
review is not to serve as a systematic review of the entire
literature on sex and gender differences in AD, but rather
to demonstrate that numerous clinical research studies point
to the importance of considering biological sex and gender
when examining the epidemiology, clinical presentation,
clinical course, and neurobiological manifestations of the
disease. We also briefly describe the importance of recog-
nizing caregiving as a role of the female gender that leads
to women taking on a greater burden of the societal costs
of AD. The overarching goal of the manuscript is to direct
attention to this literature as justification for the importance
of explicitly examining the effects of sex and gender in
studies of AD, to understand the factors that contribute to in-
consistencies in some areas of research, and to determine the
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robustness of sex and gender differences and their relevance
to clinical practice.
1.1. Sex and gender differences in the frequency,
prevalence, and incidence of AD

The terms used to describe sex differences for the number
of people affected by AD are often used interchangeably
(i.e., frequency, prevalence, and incidence) but mean
different things. Understanding these definition differences
is important in assessing sex differences in disease burden.
Based on a frequency count of all individuals with AD,
more women than men are living with a diagnosis of AD.
It is estimated that of the 5.3 million people aged 65 years
and older with AD in the United States, 3.3 million are
women, and 2.0 million are men [1]. The burden of AD
also impacts women more substantially than men because
two-thirds of caregivers are women, one-third of whom are
daughters [1]. Women also have a greater lifetime risk of
developing AD. Lifetime risk is defined as the probability
that someone of a given age will develop a condition during
his or her remaining life span [1]. The estimated lifetime risk
for AD at age 45 is approximately one in five (20%) for
women and one in 10 (10%) for men. An important contrib-
utor to this sex difference in both the frequency and the life-
time risk is that women live longer than men. Age is the
strongest risk factor for sporadic AD, and there are more
women at older ages, when the development of AD is
most likely. However, longevity does not wholly explain
the higher frequency and lifetime risk in women.

When assessing the prevalence (total number with dis-
ease divided by total number of individuals in the popula-
tion) or incidence (total number of individuals developing
a disease in a given time period divided by the number of
people at risk of the disease) of AD by sex, the results are
conflicting and appear somewhat dependent on the time
period and geographic region where the study was conduct-
ed. Several studies in Europe have reported a higher preva-
lence of AD among women [9]. However, a recent review
and meta-analysis of over 22 studies across the world did
not find that the prevalence of AD was significantly higher
in women compared with men [10]. Notably, only 22 of
119 studies included in that meta-analysis reported findings
by sex. Similarly, many of the early European studies sug-
gested that women were at greater risk of AD [11], with
the exception of the Cognitive Function and Ageing Study
from the UK, which found that men were at higher risk
[12]. However, several studies in the United States [6], and
around theworld [10], have not reported a significant sex dif-
ference. Different theories for the geographical difference in
the prevalence and incidence of AD by sex between the
United States and Europe have been suggested [6,13]. For
example, in the early part of the 20th century, gender
differences in educational and occupational opportunities
varied between the United States and Europe. In contrast
to the mixed literature on sex differences in AD, most
studies of mild cognitive impairment (MCI), a prodromal
stage of AD, suggest a higher prevalence and incidence
among men [14,15].

Notably, even if there is an overall lack of significant sex
differences in the incidence of MCI or AD in the United
States, it does not mean that sex or gender differences are
not important. Heart disease is the number one cause of
death for both women and men, but it is now known that
there are sex differences in risk factors, symptoms, treat-
ments, and mortality [16]. Better understanding of sex and
gender differences has the potential to improve recognition
of symptoms, prevention or stabilization of risk factors,
and clinical outcomes. Similar to what has been observed
in many other fields, there are an increasing number of
studies demonstrating both sex and gender differences in
the development, progression, diagnosis, and clinical pre-
sentation of AD [5,6]. Below, we highlight some of these
differences in an effort to improve the diagnosis and
clinical outcomes in AD.
2. Differential risk factors for women and men

There are multiple scenarios by which sex and gender dif-
ferences can affect disease risk: (1) risk factors that are
equally common in women and men but have a stronger ef-
fect in one sex or gender (e.g., apolipoprotein E [APOE] ge-
notype); (2) risk factors that have a similar effect in women
and men but are more common in one sex or gender (e.g.,
lower access to education in women); and (3) risk factors
restricted to one sex (e.g., pregnancy, menopause). In this
section, we first highlight sex differences in the risk factors
for AD. We then describe potential gender-related sociocul-
tural factors that can also differentially affect the risk and
progression of AD in women versus men. Finally, we high-
light sex-specific risk factors.
2.1. Examples of sex differences in risk factors for AD

2.1.1. Cardiometabolic risk factors
Several studies have identified modifiable cardiometa-

bolic diseases including type 2 diabetes, metabolic syn-
drome, obesity, and other cardiovascular risk factors for
the development and progression of AD [17]. Despite the
well-known fact that the development, symptoms, and treat-
ment of cardiometabolic diseases differ by sex [18], few
studies have examined sex differences in cardiovascular
risk factors for AD. Most studies to date have simply
adjusted for sex in regression models. This is unfortunate
because work on sex differences in the vasculature has
shown that microvascular disease is a greater contributor
to cardiovascular disease in women than in men, whereas
obstructive coronary artery disease is a greater contributor
in men than in women [19]. Moreover, women have a higher
risk of diabetic complications than men, including myocar-
dial infarction (MI), depression, and coronary heart disease,
all of which are risk factors for AD [18]. Thus, while a
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diagnosis of hypertension, high cholesterol, and diabetes in
midlife has been associated with a greater risk of developing
AD for both women and men, the risk of AD for women with
these factors may be greater than for men [20,21]. New
research is needed to understand whether the relationship
between cardiometabolic factors and risk of AD differs by
sex, and how this difference varies by age. Given that men
typically develop cardiometabolic diseases at earlier ages
than women (perhaps due, in part, to the protective effects
of estradiol before menopause), additional research is
needed to understand the interrelationship between sex
differences in the timing of the risk factors and
development of AD, and how this difference contributes to
the age-specific distribution of AD.

2.1.2. Depression
While depression can be a symptom of AD in older

adults, depression at midlife is believed to increase the risk
of AD by as much as 70% [22]. Women have twice the
risk of depression than men, a difference that emerges at pu-
berty [23,24] and worsens during the menopausal transition
[25,26]. Depression has implications for cognition across the
life span given shared brain regions between mood and
memory and shared etiologic pathways such as immune
and stress hormone dysregulation. Some cohort studies
found that elevated depressive symptoms were associated
with AD only in men [27,28]. Conversely, in the Women’s
Health Initiative Memory Study (WHIMS), clinically
significant depressive symptoms were associated with a
nearly twofold increased risk of MCI and dementia over a
5.4-year average follow-up in a sample of 6000 women
[29]. A past history of depression was also associated with
a near doubling of the risk of dementia in WHIMS [29].
Another study found that depression was associated with
hippocampal volume loss only in women [30,31], whereas
in WHIMS, depressive symptoms were associated with
prefrontal volume loss [32].

2.1.3. Sleep
Sleep and circadian rhythms disturbances are common

among patients with AD and may impact the development
of AD pathology as well [33]. The production and clearance
of Ab peptides is associated with the sleep-wake cycle, with
wakefulness associated with Ab production and sleep asso-
ciated with Ab clearance [34]. Subjective reports of poor
sleep quality and short sleep duration as well as objective
measures of high sleep fragmentation are associated with
increased Ab accumulation, poorer cognition, and increased
risk of AD in older adults [35,36]. Similar results are seen
during midlife, where objective reports of short sleep
duration, long sleep duration, and poor sleep quality are
associated with poorer cognitive function [37]. Recent evi-
dence suggests that disruption of sleep stage 3 (slow-wave
sleep) in particular increases Ab levels [38]. Interestingly,
slow-wave activity is greater in women than men across
all ages [39,40], although the effects of this difference on
Ab clearance is unknown. There is also a general decline
in slow-wave sleep with age [39–41]. In addition, the
prevalence of sleep disturbances and sleep disorders can
increase with age, with menopause being a particularly
vulnerable time for women. For example, while sleep
apnea is more prevalent in men, its incidence in women
greatly increases after menopause [42]. Individuals with
sleep apnea show cognitive decline at an earlier age than
those without sleep apnea [43]. Taken together, current find-
ings suggest that more research is needed to understand the
relationship between sleep and AD risk, and whether that
risk differs between women and men.
2.2. Examples of gender and sociocultural risk factors
for AD

2.2.1. Education
Low socioeconomic status, education, and occupational

attainment pose similar risk for AD in both women and
men. However, in the past century, women have had fewer
opportunities for higher education and occupational attain-
ment. As a result, many more women than men are affected
by this risk factor [6]. More recently, educational attainment
for women has been higher than men in the United States
[44]. The improvement in education and occupational attain-
ment in women over the last few decades may be one expla-
nation as to why the incidence of dementia may be declining
more for women [45,46].

2.2.2. Exercise
Physical activity at midlife is associated with a decreased

risk of AD [47]. Women exercise less than men [48], and
gender differences in parenting roles accounts for only
some of this difference. The effect of exercise might also
vary depending on estradiol level and menopausal stage,
with greater benefits observed when estrogen levels are
high [49].

2.2.3. Marital status
Compared with women, men who have never married or

are widowed, have a greater risk of developing AD
[20,50,51]. A potential reason for this consistent
observation is that women have historically been
responsible for the healthcare of their family (e.g., getting
offspring and partners/husbands to health-care providers
for regular checkups, assuring everyone has a healthy diet,
and so forth), sometimes at the expense of their own health.
Single women, compared with single men, are also more
likely to see a health-care provider and to engage in social
activities, which are beneficial for cognition.

2.2.4. Caregiving for AD
Family caregivers for patients with AD are usually either

spouses or adult children [52]. Women makeup on average
60% of all family caregivers [52], and these rates are espe-
cially high for Hispanic and African-American caregivers
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[53]. Women caregivers report a twofold higher level of
caregiver burden than male caregivers [54]. Compared
with sons, daughters of patients with AD provided more
routine assistance, experienced more guilt, were less likely
to receive support from their spouses, and were more likely
to leave the labor market to care for their parents [55,56]. In
contrast, sons were more likely to ask for help from other
family members. When sons identified themselves as
caregivers, it was relatively common that it was the son’s
wife who provided the care [56,57]. Caregiving is
associated with elevated levels of cortisol and impaired
attention and executive function [58]. It has been hypothe-
sized that spousal caregivers may be at higher risk of cogni-
tive impairment or dementia than noncaregiver spouses in
response to several psychosocial (e.g., depression, social
isolation, and sleep problems), behavioral (e.g., exercise
and diet), and physiological (e.g., metabolic syndrome and
inflammation) variables [59]. More research is needed to
better determine how gender differences in caregiver respon-
sibilities may impact risk of AD.
2.3. Sex-specific risk factors for women

2.3.1. Hypertensive pregnancy disorders
Hypertensive pregnancy disorders (HPDs) are a major

cause of maternal and fetal morbidity and mortality. These
disorders affect approximately 12% of all pregnancies and
include gestational hypertension, preeclampsia, eclampsia,
chronic hypertension, and preeclampsia or eclampsia super-
imposed on chronic hypertension. Previous studies reported
associations between HPD and subjective cognitive com-
plaints [60,61] or brain white matter hyperintensities on
magnetic resonance imaging [62–64]. However, these
studies had small sample sizes and only assessed brain
structure and cognitive function less than 10 years after the
HPD. Recently, the long-term association between HPD
(i.e., .10 years after pregnancy) and brain structure and
cognitive function was assessed in a multiethnic study of
1279 women (mean age5 61) enrolled in the Family Blood
Pressure Project Genetic Epidemiology Network of Arterio-
pathy study [64]. Women with a history of HPD had greater
brain atrophy decades after their pregnancies than women
who had normotensive pregnancies. There was also a trend
for more white matter hyperintensities in those with HPD.
Given the increasing prevalence of HPD with increasing
obesity and later maternal age, further research examining
HPD and risk of AD is needed. There is also a need to deter-
mine whether there is a common underlying factor that in-
creases the risk of both HPD and AD or whether HPD is,
itself, an independent risk factor.

2.3.2. Menopause, hormone therapy, and cognition
A key determinant of sex differences in cognition and

brain function is sex steroid hormones. Menopause is a uni-
versal event experienced by all women who live to midlife
and beyond. Given that women living today will on average
spend one-third of their life in the postmenopausal stage, it is
critical to consider menopause in brain function and AD.

2.3.3. Natural menopause and memory decline
Women demonstrate a decrease in verbal memory during

the menopausal transition [65], a change that has been linked
to alterations in hippocampal function associated with loss
of estradiol [66,67]. In some women, this decline appears
to be temporary, as two longitudinal studies show a
decline in verbal memory during perimenopause but not
during postmenopause [65,68]. Recent cross-sectional
studies, however, found impairment in verbal memory
among postmenopausal women but not among perimeno-
pausal women [66,67,69].

2.3.4. Risk of initiating hormone therapy late in life
There is considerable confusion about whether estrogen-

containing hormone therapy (HT) is protective or harmful in
women with respect to the development of AD. Findings
from WHIMS showed that combination estrogen plus pro-
gestin therapy in women aged 65 years and older doubled
the risk of dementia [70,71]. Analysis of the data from
WHIMS showed that the most serious adverse events,
including those on brain and cognition, occurred in women
who began with low cognitive function at baseline [70].
These findings suggested that initiating HT at an older age
and among women whose cognitive performance is atypi-
cally low may have adverse consequences. The relevance
of these findings to clinical practice was brought into ques-
tion because the very large majority of women initiate HT
earlier in life, during the menopausal transition. Further-
more, these findings were at odds with findings from a recent
Women’s Health Initiative (WHI) publication on the effects
of HT on mortality over 18 years of cumulative follow-up
[72]. Women randomized to estrogen therapy had a signifi-
cantly lower risk of dying from AD or dementia than women
randomized to placebo. This effect was not observed in
women randomized to estrogen plus progestin therapy in
the WHI. The number of cases was too small to determine
whether the effect was dependent on timing of the initiation
of HT in relation to menopause. The mortality findings need
to be interpreted with caution because the cause of death was
reported by the National Death Index and in some cases next
of kin, whereas dementia cases were prospectively adjudi-
cated in WHIMS. On the other hand, the smaller number
of dementia cases in WHIMS (n 5 237 dementia cases)
compared with WHI mortality study (n 5 758 cases) leads
to less statistical power in WHIMS, and a sizeable propor-
tion of referrals for dementia determination in WHIMS
was not adjudicated. Currently, there are insufficient data
to determine the effects of menopausal HT on late-life de-
mentia.

Observational data show that women who initiate HT
early in the menopausal transition or at a younger age
have a lower risk of AD than women who initiate HT later
[73–75]. This pattern is consistent with the critical window
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hypothesis of HT, which suggests that early initiation of HT
in relation to the menopausal transition confers greater
cognitive benefit than initiation later in life [76,77]. In
contrast, a recent population-based study of 489,105 Finnish
women showed that the risk of death from AD was reduced
by 15%–19% in women who used HT for at least 5 years.
Risk of death from vascular dementia was reduced from
37% to 39% regardless of the length of exposure or timing
[78]. One benefit of the Finnish data is that compared with
the US data, Finnish data appear to be less influenced by
the healthy user bias, the tendency of women who go on us-
ing HT to be healthier and better educated than other
women.

2.3.5. Effects of HT on cognitive function in the early
postmenopause

High-quality clinical trials provide reliable evidence that
HT early in the postmenopausal period does not confer
cognitive benefit but is safe for cognitive function. Specif-
ically, three large trials demonstrated no immediate or
enduring adverse effects of HT on cognition when HT was
initiated within 5 years of the final menstrual period [79–
81]. One of those trials focused on women from the WHI
who were aged 50–59 years (mean age 5 53) at
randomization and found no negative cognitive effects
when women were tested 14–15 years later. Another
included a site-specific neuroimaging study which indicated
that Ab deposition was lower in APOE ε4-positive women
randomized to receive estradiol compared with those ran-
domized to receive placebo [82]. It is possible that the effect
was observed only in APOE ε4-positive women, because
APOE 34 carriers have greater Ab deposition at an earlier
age than APOE 34 noncarriers. Unfortunately, although
the primary indication for HT is hot flashes, none of those
studies selectively enrolled women with bothersome vaso-
motor symptoms. Some evidence demonstrates that vaso-
motor symptoms are associated with memory deficits
[83,84]. Overall, there is no support for a “critical
window” of HT in the early postmenopausal period but
that hypothesis has not been tested in symptomatic
women or women earlier in the menopausal transition.
Studies of oral contraceptives or HT in perimenopause are
warranted given that the memory decline that occurs
during the menopausal transition emerge in early
perimenopause and appear to resolve in the early
postmenopausal period [65,68].

2.3.6. Gynecological surgeries
Most studies [85–93], but not all [94,95], have shown that

earlier age at menopause (natural or surgery-induced) is
associated with an increased risk of cognitive decline and de-
mentia. Notably, the increased risk of cognitive impairment
and dementia did not vary by indication for the oophorec-
tomy and was eliminated by estrogen therapy that was initi-
ated after the surgery and continued up to 50 years of age or
longer [85]. Collectively, these studies suggest that bilateral
oophorectomy may be a risk factor for cognitive decline and
dementia. Such a conclusion is supported by findings that an
earlier age at surgical menopause was associated with a
greater burden of neuritic plaques at autopsy [93]. However,
the women who underwent these surgeries can differ from
other women in ways that put them at higher risk of cogni-
tive impairment and dementia independent of the surgery
[13]. For example, women with adverse childhood experi-
ences or adult abuse were found to be at increased risk of un-
dergoing bilateral oophorectomy before menopause [13],
and early childhood trauma has been associated with an
increased risk of late-life dementia [96]. It may be that early
oophorectomy interacts with such risk factors to influence
risk of dementia. More generally, well-controlled studies
measuring AD pathology in vivo (cerebrospinal fluid
[CSF] positron-emission tomography [PET]) in women
with early surgical menopause are warranted to better inter-
pret the epidemiological findings.

2.3.7. Neurobiological model of aging and menopause
Both clinical and basic science studies provide a theoret-

ical framework for understanding menopause as a female-
specific risk factor for AD. Specifically, it has been proposed
that perimenopause is a bioenergetic transition state charac-
terized by a decline in mitochondrial function and a change
in fuel source from glucose to lipids, which in turn could
lead to remodeling of the brain, loss of synaptic spines (espe-
cially in the hippocampus), and ultimately neurodegenera-
tion [97–103]. In support of this view are neuroimaging
data demonstrating that compared with premenopausal
women, perimenopausal and postmenopausal women show
AD-like reductions in glucose metabolism, and these reduc-
tions are related to platelet mitochondrial activity [104].
3. Clinical presentation of AD

3.1. Sex differences in verbal memory: Implications for
AD diagnosis

The tests most frequently used to diagnose AD are tests of
verbal memory, memory for word lists, stories, and other
verbal materials. There is a lifelong female advantage in ver-
bal memory [105], which can be partially explained by sex
steroid hormones, particularly estradiol [67]. Studies in the
Alzheimer’s Disease Neuroimaging Initiative (ADNI)
cohort show a female advantage in verbal memory not
only during normal cognitive aging but also during amnestic
mild cognitive impairment even though women’s level of
disease burden—as measured by hippocampal atrophy, brain
hypometabolism, and cortical Ab deposition—is similar to
men, even after adjusting for APOE genotype [106–108].
At high levels of disease burden, the female advantage was
eliminated. Those findings may indicate that the female
advantage in verbal memory serves as a form of cognitive
reserve, allowing women to sustain cognitive performance
in early disease stages despite moderate levels of brain
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pathology. While the female advantage may be functionally
beneficial, the downside is that it may delay amnestic MCI
diagnosis so that women have a more severe burden of
disease at the time of diagnosis and decline rapidly
thereafter, limiting the opportunity for early intervention.
This framework might also explain why women show a
more rapid decline across a wide range of cognitive
abilities after being diagnosed with AD [109–111]; if
women are diagnosed at a more advanced stage, then they
can be expected to show a more rapid rate of deterioration.
This hypothesis is currently being tested in other cohort
studies to determine if results generalize outside of ADNI
and to determine if results vary by APOE genotype, as
ADNI has a higher frequency of individuals with an APOE
ε4 allele than the general population. If replicated, this
body of work suggests a need for alternative approaches to
improve early detection in women, including the possible
use of sex-specific cutoff scores to detect impairment in ver-
bal memory and/or the use of memory tests that do not show
a sex difference.
3.2. Sex and gender differences in biomarkers:
Neuroimaging, CSF, and autopsy studies

New neuroimaging and CSF biomarkers show promise in
elucidating the influence of sex on AD pathophysiology.
Validated AD biomarkers used commonly in clinical trials
comprise three distinct categories: (1) biomarkers of Ab
deposition, which include decreased CSFAb42 and elevated
Ab ligand uptake on PET; (2) biomarkers of neurofibrillary
tangle tau pathology, which include elevated CSF phosphor-
ylated tau and elevated NFT-tau ligand uptake on PET; (3)
biomarkers of neurodegeneration which include decreased
glucose metabolism on F-18 fluorodeoxyglucose PET, struc-
tural magnetic resonance imaging measures of atrophy in the
temporoparietal cortex, and elevated CSF total tau [112].

Biomarkers define the preclinical stage of AD [113,114],
the stage for optimal intervention to prevent or delay MCI
due to AD and ultimately AD [113]. Identifying sex differ-
ences in AD biomarkers during the preclinical stage is crit-
ical for the planning of prevention trials, but surprisingly,
little is known. In a cross-sectional, population-based cohort
of cognitively normal individuals (50 to 89 years), Ab, NFT-
tau burden, and neurodegeneration all increased with age,
but no sex difference was observed [115]. Longitudinal
data from ADNI indicate that women with MCI tend to
show greater atrophy rates and greater cognitive and clinical
decline than men [110,111,116]. For example, the rate of
progression in the clinical rating scale [106], global brain at-
rophy [107,108], and hippocampal volume loss [108] was
faster in women with MCI compared with men with MCI,
and the patterns of gray matter loss have been shown to differ
between the sexes [117]. To support these ADNI findings,
serially measured AD biomarkers in community or
population-based samples may clarify the differences in
rates of decline in women and men.
Previous autopsy studies have demonstrated that AD pa-
thology is more likely to be expressed clinically as dementia
in women than in men. In a group of older persons from the
Religious Orders Study, who underwent detailed clinical
evaluations proximate to death, the association between
AD pathology and clinical AD was substantially stronger
in women than in men [118]. Using a composite measure
of AD pathology that ranged from 0 to 3, each additional
unit of pathology increased the odds of clinical AD nearly
threefold in men compared with more than 20-fold in
women. This effect was observed for both neuritic plaques
and NFTs. The findings were similar when change in cogni-
tive function was used as the outcome measure. These data
provide strong evidence that women are more susceptible
to the clinical manifestation of AD than men. Although the
mechanisms underlying the finding were not certain, the au-
thors suggested that the stronger association in women could
have been due to a relative lack of some protective factor,
such as the estrogen deficiency of postmenopausal women,
which could increase vulnerability to AD pathology. Other
studies have since reported similar findings with the same
amount of pathology yielding a more severe clinical effect
in women than in men [119,120].
3.3. Sex and gender differences in biomarkers: Genetics

3.3.1. The APOE ε4-sex interaction on AD
The ε4 allele of the APOE gene is a major genetic risk

factor of late-onset AD dementia [121] and is consistently
linked with abnormal accumulation of the Ab protein
[122]. The apoE protein is involved in the transport of
cholesterol and other lipids in the periphery of the brain.
The apoE4 protein has been shown to be less effective at
Ab clearance [123] and contributes to a diminished
response to neuronal injury compared with the apoE2
and apoE3 proteins [124]. An analysis of nearly 58,000
participants showed sex differences in the risk of AD de-
mentia and MCI by APOE genotype [125]. Among per-
sons aged 65–75 years with the APOE ε3/ε4 genotype,
the risk of AD dementia is fourfold higher in women
than that in men. Similarly, among those aged 55 to
70 years with the APOE ε3/ε4 genotype, the risk of
MCI is 43% higher in women than that in men. Although
the mechanisms underlying the interaction between sex
and the APOE genotype remain unclear, results across
research groups have suggested that APOE ε4 females
may show greater levels of AD pathology, more compro-
mised brain network integrity, and/or accelerated longitu-
dinal decline for a given level of AD pathology [126–
129].

3.3.2. Women APOE ε4 carriers have worse longitudinal
performance than men

In an analysis of over 5400 clinically normal participants,
women who were APOE ε4 carriers had an elevated risk of
progression on the Clinical Dementia Rating scale compared



Table 2

Research priority areas in sex and gender differences in AD clinical research

Further investigation of:

1. The extent to which findings of sex and gender differences in AD are

due to differences in longevity, survival bias, and comorbidities

2. Potential sex-specific risk factors for AD (e.g., oophorectomy,

menopause, pregnancy, androgen-deprivation therapy, and testosterone

loss) across the life span

3. The influence of estrogens and hormone therapy on brain function and

AD risk in light of discrepancies in the clinical literature

4. Potential sex differences in genetic risk factors for AD (e.g., APOE, x-

linked, common variants, autosomal dominant mutations, and so forth)

5. Sex and gender differences in AD risk factors that are observed in both

sexes (e.g., cardiovascular disease, diabetes, education, depression, and

so forth) across the life span

6. Sex differences in AD progression and the trajectory of change in

cognitive function, neuroimaging, CSF, and blood-based biomarkers of

AD

7. The effects of sex differences in brain development on sex differences

in brain aging and, ultimately, AD pathology and dementia

8. The effects of sex and gender in risk factors, disease progression, and

biomarkers in racial and ethnic subgroups, especially in African

Americans and Hispanics/Latinos, and how this informs differential

risk

9. The factors involved in the secular changes (e.g., societal, political) and

geographical variation in estimates of sex differences in AD

10. Gender differences in caregiving and how the burden of caregiving

influences AD risk

11. Sex and gender differences in developing AD therapeutics, from

preclinical to clinical studies, and in the design of clinical trials

12. The effects of sex and gender differences on the clinical detection,

diagnosis, management, and treatment of AD for both sexes

Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; CSF,

cerebrospinal fluid.
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with both APOE ε4 men and APOE ε4-negative women; this
effect was also observed in analyses restricted to APOE ε3/
ε4 carriers. Although an analysis of MCI patients
(N. 2500) found no sex by APOE ε4 (homozygote and het-
erozygotes combined) interaction in progression to AD de-
mentia, an analysis restricted to APOE ε4 heterozygotes
revealed a similar sex by APOE ε4 interaction [127]. Several
studies have shown that APOE ε4 women had a faster
decline of cognitive function than either women noncarriers
or men of any genotype [130,131].

Because women with an APOE ε4 allele are at increased
risk of developing AD compared with women without ε4,
more work is needed to clarify whether APOE status mod-
ifies the effects of female-specific risk factors for AD. This
approach has been undertaken in studies of HT and AD
risk, but without clear consensus. Some studies suggest
that the effects of HT on cognition in women is influenced
by APOE genotype, with benefits of HT observed in APOE
ε4 noncarriers only, whereas other studies suggest that HT
reduces AD risk in APOE ε4 carriers [132] or that HT re-
duces AD in both carriers and noncarriers [133,134].

Overall, these data suggest that the APOE ε4 allele inter-
acts with sex to influence risk of AD dementia. The
increased risk among women may be due to multiple under-
lying mechanisms, including direct effects of apoE on AD
pathology and on individual trajectories of decline for a
given level of pathological burden. An important limitation
regarding the observed APOE-associated sex differences in
AD is evidence of earlier mortality of APOE ε4 men that re-
sults in a selective APOE ε4 survival bias for women [135].
Future research is also needed to examine the sex-specific
differences in the influence of the APOE ε4 over the life
span. For instance, it is possible that the interaction between
sex and APOE ε4 occurs during menopause, at a time when
the risk of Ab accumulation first begins to increase among
APOE ε4 individuals [136]. However, most studies investi-
gating dementia risk have examined older ages (.65), mak-
ing it difficult to isolate the potential impact of sex during
midlife.
4. Future directions: Priority areas with respect to sex
and gender differences that merit further exploration

Reviewing the evidence presented in this review, the So-
ciety for Women’s Health Research Interdisciplinary
Network on Alzheimer’s Disease made a consensus-based
list of the 12 highest priorities in sex and gender differences
in AD research that warrant further attention (Table 2).
These priority areas require interdisciplinary, cross-
institutional approaches with strong support from academia,
industry, government, and the public. The Society for
Women’s Health Research will capitalize on this informa-
tion in its efforts to advocate for greater attention to sex
and gender differences in AD, with the ultimate goal of
improving diagnosis, clinical outcomes, and health equity
for both sexes.
At the epidemiological level, it is important to evaluate
the extent to which findings of sex and gender differences
in AD are due to differences in longevity, survival bias,
and comorbidities. Biological and sociocultural factors can
differentially affect the risk and progression of AD in
women versus men. Biological hormonal factors are of
particular interest because the extant literature suggests
that oophorectomy, menopause, and androgen-deprivation
therapy are associated with deleterious cognitive changes
and may represent sex-specific risk factors for AD. Indeed
sex steroids play a key role in sex differences in the brain,
yet relatively little is known about the role of endogenous
and exogenous estradiol in the pathogenesis of AD. In light
of discrepancies in the clinical literature, further work on the
influence of estrogens and HTon brain function and AD risk
is also warranted as a sex-specific risk factor.

Most risk factors for AD are evident in both sexes (APOE
genotype, cardiovascular disease, and depression), but to
date, most studies have covaried for sex when examining
these factors. In genetic studies, sex differences are studied
more commonly given the strong evidence that sex modifies
the association between APOE genotype and AD risk. With
this example, it would be beneficial to include exploratory
analyses of potential sex differences in other AD risk factors.
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Given that someAD risk factors and comorbidities are modi-
fiable, determining the extent to which sex differences
contribute to differential risk may present opportunities for
new therapeutic avenues. Similarly, further research is
needed on how gender-related factors such as health percep-
tions, risk behavior, social and work-related stressors,
patient-provider relationships, and adherence to therapy
impact AD risk, diagnosis, therapeutic response, and course
of disease.

There is a need for continued evaluation of sex differ-
ences in AD progression and the trajectory of change in
cognitive function, neuroimaging, CSF, and blood-based
biomarkers of AD. Identifying sex differences in AD bio-
markers and how biomarkers change across the life span,
particularly at earlier ages, is critical for the planning of
prevention trials. Sex differences must also be investigated
in diverse populations to determine potential differences as
a function of sex and race or ethnicity. For example,
African-Americans are two to three times more likely to
be diagnosed with AD or related dementias [137], but
whether or not this increased risk is uniform across
African-American women and men has not been explored.
Such work is critical to inform understanding of the factors
involved in the secular changes (e.g., societal, political)
and geographical variation in estimates of sex differences
in AD. As the global burden of AD increases, studies of
gender differences in caregiving and how the burden of
caregiving influences AD risk take on greater importance
as well.

Sex and gender differences should be a priority in the
development of AD therapeutics from preclinical (e.g., in-
clusion of female animals and consideration of hormonal
states) to clinical studies. To fully investigate the influence
of sex and gender, we must develop a methodological frame-
work through which we can analyze these influences, and
one that also allows for interpretation of the trial results
(e.g., sex differences in verbal memory function). As the
field shifts toward early detection and primary and second-
ary prevention, sex and gender must be considered in trial
design. For example, women have an advantage in verbal
memory, which is frequently tested to diagnose AD, and
this advantage may mask the signs of early AD and delay
diagnosis until a more advanced stage of disease. Diagnostic
criteria and tools may need to be optimized for each sex with
the goal of improving detection and themeasurement of clin-
ical progression for both sexes.

Few studies have examined sex differences in response to
current approved and investigational medications. There are
opportunities to engage in sex and gender data mining in
clinical trials both retrospectively and prospectively, recog-
nizing that with limited power, the goals might be to
generate effect size for future studies. Clinical trial data
could also be examined to contribute to the understanding
of sex differences in the clinical and pathological course of
disease. Finally, understanding sex and gender differences
in the clinical treatment of AD, including differences in pro-
vision of care and use of nursing home care, will lead to a
better understanding of the differential needs of women
and men across the disease continuum.

The field of AD research could benefit from lessons
learned in other medical fields. For example, calls to eval-
uate potential sex differences in primary prevention of car-
diovascular disease were validated when the Women’s
Health Study findings revealed that aspirin did not reduce
the risk of MI in women [138,139]. Indeed, meta-analyses
of aspirin for the primary prevention of cardiovascular dis-
ease suggest that aspirin significantly reduces the risk of
stroke but not MI in women but in men reduces MI but not
stroke [140]. Age appears to be a critical determinant of
these sex differences, as women aged 65 years and older
show reductions in MI and stroke with aspirin therapy
whereas younger women do not. Thus understanding sex dif-
ferences in clinical response across the age continuum is
critical in evaluating the efficacy of therapeutics in other
fields. A similar approach in the field of AD has the potential
to improve health for both women and men.
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RESEARCH IN CONTEXT

1. Systematic review: Members of an expert panel on
women and Alzheimer’s disease (AD) used tradi-
tional sources (e.g., PubMed) and aggregated statis-
tical sources to evaluate the current clinical
literature on sex and gender differences in AD.
Research priorities were determined by consensus.

2. Interpretation: A growing scientific literature has
documented that sex and gender differentially affect
the risk, clinical presentation, and progression of AD.
These differences should be considered in the plan-
ning and analysis of AD studies and the development
of AD therapeutics.

3. Future directions: Assessing sex and gender differ-
ences in AD represents an opportunity to improve
clinical detection, diagnosis, management, and treat-
ment of AD for both sexes. This review highlights 12
priority research areas with respect to sex and gender
differences that warrant further attention. Impor-
tantly, these areas require interdisciplinary, cross-
institutional approaches with strong support from
both private and public entities.



R.A. Nebel et al. / Alzheimer’s & Dementia - (2018) 1-1310
References

[1] Alzheimer’s Association. 2017 Alzheimer’s disease facts and figures.

Alzheimers Dement 2017;13:325–73.

[2] Jack CR Jr, Knopman DS, Jagust WJ, Petersen RC, Weiner MW,

Aisen PS, et al. Tracking pathophysiological processes in Alz-

heimer’s disease: an updated hypothetical model of dynamic bio-

markers. Lancet Neurol 2013;12:207–16.

[3] Armstrong RA. What causes alzheimer’s disease? Folia Neuropathol

2013;51:169–88.

[4] IOM. In: Medicine Io, ed. Exploring the Biological Contributions to

Human Health: Does Sex Matter? Washington, DC: The National

Academies Press; 2001.

[5] Carter CL, Resnick EM, Mallampalli M, Kalbarczyk A. Sex and

gender differences in Alzheimer’s disease: recommendations for

future research. J Womens Health (Larchmt) 2012;21:1018–23.

[6] Mielke MM, Vemuri P, Rocca WA. Clinical epidemiology of Alz-

heimer’s disease: assessing sex and gender differences. Clin Epide-

miol 2014;6:37–48.

[7] Laws KR, Irvine K, Gale TM. Sex differences in cognitive impair-

ment in Alzheimer’s disease. World J Psychiatry 2016;6:54–65.

[8] Miller VM. Why are sex and gender important to basic physiology

and translational and individualized medicine? Am J Physiol Heart

Circ Physiol 2014;306:H781–8.

[9] Prince M, Ali GC, Guerchet M, Prina AM, Albanese E, Wu YT.

Recent global trends in the prevalence and incidence of dementia,

and survival with dementia. Alzheimers Res Ther 2016;8:23.

[10] Fiest KM, Roberts JI, Maxwell CJ, Hogan DB, Smith EE, Frolkis A,

et al. The prevalence and incidence of dementia due to Alzheimer’s

disease: a systematic review and meta-analysis. Can J Neurol Sci

2016;43(Suppl 1):S51–82.

[11] Ott A, Breteler MM, van Harskamp F, Stijnen T, Hofman A. Inci-

dence and risk of dementia. The Rotterdam Study. Am J Epidemiol

1998;147:574–80.

[12] Matthews FE, Stephan BC, Robinson L, Jagger C, Barnes LE,

Arthur A, et al. A two decade dementia incidence comparison from

the Cognitive Function and Ageing Studies I and II. Nat Commun

2016;7:11398.

[13] Gazzuola Rocca L, Smith CY, Grossardt BR, Faubion SS, Shuster LT,

Stewart EA, et al. Adverse childhood or adult experiences and risk of

bilateral oophorectomy: a population-based case-control study. BMJ

Open 2017;7:e016045.

[14] Caracciolo B, Palmer K, Monastero R, Winblad B, Backman L,

Fratiglioni L. Occurrence of cognitive impairment and dementia in

the community: a 9-year-long prospective study. Neurology 2008;

70:1778–85.

[15] 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.

[16] Mosca L, Barrett-Connor E, Wenger NK. Sex/gender differences in

cardiovascular disease prevention: what a difference a decade makes.

Circulation 2011;124:2145–54.

[17] Barnes DE, Yaffe K. The projected effect of risk factor reduction on

Alzheimer’s disease prevalence. Lancet Neurol 2011;10:819–28.

[18] Kautzky-Willer A, Harreiter J, Pacini G. Sex and gender differences

in risk, pathophysiology and complications of type 2 diabetes melli-

tus. Endocr Rev 2016;37:278–316.

[19] Bairey Merz CN, Shaw LJ, Reis SE, Bittner V, Kelsey SF, Olson M,

et al. Insights from the NHLBI-Sponsored Women’s Ischemia Syn-

drome Evaluation (WISE) Study: Part II: gender differences in pre-

sentation, diagnosis, and outcome with regard to gender-based

pathophysiology of atherosclerosis and macrovascular and microvas-

cular coronary disease. J Am Coll Cardiol 2006;47:S21–9.

[20] Pankratz VS, Roberts RO, Mielke MM, Knopman DS,

Jack CR Jr, Geda YE, et al. Predicting the risk of mild cognitive
impairment in the Mayo Clinic Study of Aging. Neurology 2015;

84:1433–42.

[21] Azad NA, Al Bugami M, Loy-English I. Gender differences in de-

mentia risk factors. Gend Med 2007;4:120–9.

[22] Ownby RL, Crocco E, Acevedo A, John V, Loewenstein D. Depres-

sion and risk for Alzheimer disease: systematic review, meta-

analysis, and metaregression analysis. Arch Gen Psychiatry 2006;

63:530–8.

[23] Kessler RC, McGonagle KA, Swartz M, Blazer DG, Nelson CB. Sex

and depression in the National Comorbidity Survey. I: Lifetime prev-

alence, chronicity and recurrence. J Affect Disord 1993;29:85–96.

[24] Goldstein JM, Holsen L, Handa R, Tobet S. Fetal hormonal program-

ming of sex differences in depression: linking women’s mental health

with sex differences in the brain across the lifespan. Front Neurosci

2014;8:247.

[25] Bromberger JT, Kravitz HM, Chang YF, Cyranowski JM, Brown C,

Matthews KA. Major depression during and after the menopausal

transition: Study of Women’s Health Across the Nation (SWAN).

Psychol Med 2011;41:1879–88.

[26] Cohen LS, Soares CN, Vitonis AF, Otto MW, Harlow BL. Risk for

new onset of depression during the menopausal transition: the Har-

vard study of moods and cycles. Arch Gen Psychiatry 2006;

63:385–90.

[27] Dal Forno G, Palermo MT, Donohue JE, Karagiozis H,

Zonderman AB, Kawas CH. Depressive symptoms, sex, and risk

for Alzheimer’s disease. Ann Neurol 2005;57:381–7.

[28] Fuhrer R, Dufouil C, Dartigues JF, Study P. Exploring sex differences

in the relationship between depressive symptoms and dementia inci-

dence: prospective results from the PAQUID Study. JAmGeriatr Soc

2003;51:1055–63.

[29] Goveas JS, Espeland MA, Woods NF, Wassertheil-Smoller S,

Kotchen JM. Depressive symptoms and incidence of mild cogni-

tive impairment and probable dementia in elderly women: the

Women’s Health Initiative Memory Study. J Am Geriatr Soc

2011;59:57–66.

[30] Elbejjani M, Fuhrer R, Abrahamowicz M, Mazoyer B, Crivello F,

Tzourio C, et al. Hippocampal atrophy and subsequent depressive

symptoms in older men and women: results from a 10-year prospec-

tive cohort. Am J Epidemiol 2014;180:385–93.

[31] Elbejjani M, Fuhrer R, Abrahamowicz M, Mazoyer B, Crivello F,

Tzourio C, et al. Depression, depressive symptoms, and rate of hip-

pocampal atrophy in a longitudinal cohort of older men and women.

Psychol Med 2015;45:1931–44.

[32] Goveas JS, Espeland MA, Hogan P, Dotson V, Tarima S, Coker LH,

et al. Depressive symptoms, brain volumes and subclinical cerebro-

vascular disease in postmenopausal women: the Women’s Health

Initiative MRI Study. J Affect Disord 2011;132:275–84.

[33] Ju Y-ES, Lucey BP, Holtzman DM. Sleep and Alzheimer disease pa-

thology––a bidirectional relationship. Nat Rev Neurol 2014;

10:115–9.

[34] Cedernaes J, Osorio RS, Varga AW, KamK, Schioth HB, Benedict C.

Candidate mechanisms underlying the association between sleep-

wake disruptions and Alzheimer’s disease. Sleep Med Rev 2017;

31:102–11.

[35] Lim AS, Kowgier M, Yu L, Buchman AS, Bennett DA. Sleep Frag-

mentation and the Risk of Incident Alzheimer’s Disease and Cogni-

tive Decline in Older Persons. Sleep 2013;36:1027–32.

[36] Spira AP, Gamaldo AA, An Y, Wu MN, Simonsick EM, Bilgel M,

et al. Self-reported sleep and beta-amyloid deposition in

community-dwelling older adults. JAMA Neurol 2013;70:1537–43.

[37] Virta JJ, Heikkila K, Perola M, Koskenvuo M, Raiha I, Rinne JO,

et al. Midlife sleep characteristics associated with late life cognitive

function. Sleep 2013;36:1533–41, 1541A.

[38] Ju YS, Ooms SJ, Sutphen C, Macauley SL, Zangrilli MA, Jerome G,

et al. Slow wave sleep disruption increases cerebrospinal fluid

amyloid-beta levels. Brain 2017;140:2104–11.

http://refhub.elsevier.com/S1552-5260(18)30130-4/sref1
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref1
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref2
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref2
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref2
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref2
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref3
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref3
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref4
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref4
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref4
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref5
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref5
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref5
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref6
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref6
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref6
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref7
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref7
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref8
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref8
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref8
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref9
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref9
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref9
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref10
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref10
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref10
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref10
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref11
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref11
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref11
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref12
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref12
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref12
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref12
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref13
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref13
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref13
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref13
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref14
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref14
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref14
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref14
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref15
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref15
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref15
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref15
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref16
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref16
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref16
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref17
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref17
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref18
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref18
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref18
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref19
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref19
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref19
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref19
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref19
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref19
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref20
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref20
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref20
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref20
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref21
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref21
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref22
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref22
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref22
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref22
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref23
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref23
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref23
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref24
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref24
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref24
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref24
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref25
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref25
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref25
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref25
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref26
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref26
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref26
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref26
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref27
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref27
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref27
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref28
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref28
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref28
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref28
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref29
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref29
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref29
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref29
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref29
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref30
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref30
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref30
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref30
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref31
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref31
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref31
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref31
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref32
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref32
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref32
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref32
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref33
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref33
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref33
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref34
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref34
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref34
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref34
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref35
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref35
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref35
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref36
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref36
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref36
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref37
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref37
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref37
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref38
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref38
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref38


R.A. Nebel et al. / Alzheimer’s & Dementia - (2018) 1-13 11
[39] Carrier J, Land S, Buysse DJ, Kupfer DJ, Monk TH. The effects of

age and gender on sleep EEG power spectral density in the middle

years of life (ages 20-60 years old). Psychophysiology 2001;

38:232–42.

[40] Mourtazaev MS, Kemp B, Zwinderman AH, Kamphuisen HA. Age

and gender affect different characteristics of slow waves in the sleep

EEG. Sleep 1995;18:557–64.

[41] Ohayon MM, Carskadon MA, Guilleminault C, Vitiello MV. Meta-

analysis of quantitative sleep parameters from childhood to old age

in healthy individuals: developing normative sleep values across

the human lifespan. Sleep 2004;27:1255–73.

[42] Bixler EO, Vgontzas AN, Lin HM, Ten Have T, Rein J, Vela-

Bueno A, et al. Prevalence of sleep-disordered breathing in women:

effects of gender. Am J Respir Crit Care Med 2001;163:608–13.

[43] Osorio RS, Gumb T, Pirraglia E, Varga AW, Lu SE, Lim J, et al.

Sleep-disordered breathing advances cognitive decline in the elderly.

Neurology 2015;84:1964–71.

[44] Ryan CL, Julie S. Educational Attainment in the United States: 2009

2012. Washington, DC: Current Population Reports US Department

of Commerce; 2012.

[45] Langa KM, Larson EB, Crimmins EM, Faul JD, Levine DA,

Kabeto MU, et al. A comparison of the prevalence of dementia in

the United States in 2000 and 2012. JAMA Intern Med 2017;

177:51–8.

[46] Matthews FE, Arthur A, Barnes LE, Bond J, Jagger C, Robinson L,

et al. A two-decade comparison of prevalence of dementia in individ-

uals aged 65 years and older from three geographical areas of En-

gland: results of the Cognitive Function and Ageing Study I and II.

Lancet 2013;382:1405–12.

[47] Rovio S, Kareholt I, Helkala EL, Viitanen M, Winblad B,

Tuomilehto J, et al. Leisure-time physical activity at midlife and

the risk of dementia and Alzheimer’s disease. Lancet Neurol 2005;

4:705–11.

[48] Nomaguchi KM, Bianchi SM. Exercise time: gender differences in

the effects of marriage, parenthood, and employment. J Marriage

Fam 2004;66:413–30.

[49] Erickson KI, Colcombe SJ, Elavsky S, McAuley E, Korol DL,

Scalf PE, et al. Interactive effects of fitness and hormone treatment

on brain health in postmenopausal women. Neurobiol Aging 2007;

28:179–85.

[50] Miech RA, Breitner JC, Zandi PP, Khachaturian AS, Anthony JC,

Mayer L. Incidence of ADmay decline in the early 90s for men, later

for women: the Cache County study. Neurology 2002;58:209–18.

[51] van Gelder BM, Tijhuis M, Kalmijn S, Giampaoli S, Nissinen A,

Kromhout D. Marital status and living situation during a 5-year

period are associated with a subsequent 10-year cognitive decline

in older men: the FINE Study. J Gerontol B Psychol Sci Soc Sci

2006;61:P213–9.

[52] CaregivingNAf. In: CaregivingNAf, ed. Caregiving in the U.S. 2015.

Washington, DC: National Alliance for Caregiving and AARP; 2015.

[53] Pinquart M, Sorensen S. Ethnic differences in stressors, resources,

and psychological outcomes of family caregiving: a meta-analysis.

Gerontologist 2005;45:90–106.

[54] Gallicchio L, Siddiqi N, Langenberg P, Baumgarten M. Gender dif-

ferences in burden and depression among informal caregivers of

demented elders in the community. Int J Geriatr Psychiatry 2002;

17:154–63.

[55] Horowitz A. Sons and daughters as caregivers to older parents: differ-

ences in role performance and consequences. Gerontologist 1985;

25:612–7.

[56] Henz U. Couples’ provision of informal care for parents and parents-

in-law: far from sharing equally? Ageing Soc 2009;29:369–95.

[57] Stoller EP. Males as helpers: the role of sons, relatives, and friends.

Gerontologist 1990;30:228–35.

[58] Allen AP, Curran EA, Duggan A, Cryan JF, Chorcorain AN,

Dinan TG, et al. A systematic review of the psychobiological burden

of informal caregiving for patients with dementia: focus on cognitive
and biological markers of chronic stress. Neurosci Biobehav Rev

2017;73:123–64.

[59] Vitaliano PP, Murphy M, Young HM, Echeverria D, Borson S. Does

caring for a spouse with dementia promote cognitive decline? A hy-

pothesis and proposed mechanisms. J Am Geriatr Soc 2011;

59:900–8.

[60] Aukes AM, Wessel I, Dubois AM, Aarnoudse JG, Zeeman GG. Self-

reported cognitive functioning in formerly eclamptic women. Am J

Obstet Gynecol 2007;197:e1–6.

[61] Postma IR, Bouma A, Ankersmit IF, Zeeman GG. Neurocognitive

functioning following preeclampsia and eclampsia: a long-term

follow-up study. Am J Obstet Gynecol 2014;211:e1–9.

[62] Wagner SJ, Acquah LA, Lindell EP, Craici IM,WingoMT, Rose CH,

et al. Posterior reversible encephalopathy syndrome and eclampsia:

pressing the case for more aggressive blood pressure control. Mayo

Clin Proc 2011;86:851–6.

[63] Wiegman MJ, Zeeman GG, Aukes AM, Bolte AC, Faas MM,

Aarnoudse JG, et al. Regional distribution of cerebral white matter

lesions years after preeclampsia and eclampsia. Obstet Gynecol

2014;123:790–5.

[64] Mielke MM, Milic NM, Weissgerber TL, White WM, Kantarci K,

Mosley TH, et al. Impaired cognition and brain atrophy decades after

hypertensive pregnancy disorders. Circ Cardiovasc Qual Outcomes

2016;9:S70–6.

[65] Epperson CN, SammelMD, Freeman EW.Menopause effects on ver-

bal memory: findings from a longitudinal community cohort. J Clin

Endocrinol Metab 2013;98:3829–38.

[66] Jacobs EG, Weiss BK, Makris N, Whitfield-Gabrieli S, Buka SL,

Klibanski A, et al. Impact of sex and menopausal status on episodic

memory circuitry in early midlife. J Neurosci 2016;36:10163–73.

[67] Rentz DM, Weiss BK, Jacobs EG, Cherkerzian S, Klibanski A,

Remington A, et al. Sex differences in episodic memory in early

midlife: impact of reproductive aging. Menopause 2017;24:400–8.

[68] GreendaleGA,HuangMH,Wight RG, Seeman T, Luetters C,AvisNE,

et al. Effects of the menopause transition and hormone use on cognitive

performance in midlife women. Neurology 2009;72:1850–7.

[69] Jacobs EG, Weiss B, Makris N, Whitfield-Gabrieli S, Buka SL,

Klibanski A, et al. Reorganization of functional networks in verbal

working memory circuitry in early midlife: the impact of sex and

menopausal status. Cereb Cortex 2017;27:2857–70.

[70] Shumaker S, Legault C, Kuller L, Rapp SR, Thal L, Lane DS, et al.

Conjugated equine estrogens and incidence of probable dementia and

mild cognitive impairment in postmenopausal women: Women’s

Health Initiative Memory Study. JAMA 2004;291:2947–58.

[71] Shumaker SA, Legault C, Rapp SR, Thal L, Wallace RB, Ockene JK,

et al. Estrogen plus progestin and the incidence of dementia and mild

cognitive impairment in postmenopausal women: the Women’s

Health Initiative Memory Study: a randomized controlled trial.

JAMA 2003;289:2651–62.

[72] Manson JE, Aragaki AK, Rossouw JE, Anderson GL, Prentice RL,

LaCroix AZ, et al. Menopausal hormone therapy and long-term all-

cause and cause-specific mortality: The Women’s Health Initiative

Randomized Trials. JAMA 2017;318:927–38.

[73] Henderson VW, Benke KS, Green RC, Cupples LA, Farrer LA,

Group MS. Postmenopausal hormone therapy and Alzheimer’s dis-

ease risk: interaction with age. J Neurol Neurosurg Psychiatr 2005;

76:103–5.

[74] Shao H, Breitner JC, Whitmer RA, Wang J, Hayden K, Wengreen H,

et al. Hormone therapy and Alzheimer disease dementia: new find-

ings from the Cache County Study. Neurology 2012;79:1846–52.

[75] Whitmer RA, Quesenberry CP, Zhou J, Yaffe K. Timing of hormone

therapy and dementia: the critical window theory revisited. Ann Neu-

rol 2011;69:163–9.

[76] Marder K, Sano M. Estrogen to treat Alzheimer’s disease: too little,

too late? So what’s a woman to do? Neurology 2000;54:2035–7.

[77] Resnick SM, Henderson VW. Hormone therapy and risk of Alz-

heimer disease: a critical time. JAMA 2002;288:2170–2.

http://refhub.elsevier.com/S1552-5260(18)30130-4/sref39
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref39
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref39
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref39
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref40
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref40
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref40
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref41
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref41
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref41
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref41
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref42
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref42
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref42
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref43
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref43
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref43
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref44
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref44
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref44
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref45
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref45
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref45
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref45
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref46
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref46
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref46
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref46
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref46
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref47
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref47
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref47
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref47
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref48
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref48
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref48
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref49
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref49
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref49
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref49
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref50
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref50
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref50
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref51
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref51
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref51
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref51
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref51
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref52
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref52
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref53
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref53
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref53
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref54
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref54
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref54
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref54
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref55
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref55
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref55
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref56
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref56
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref57
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref57
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref58
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref58
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref58
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref58
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref58
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref59
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref59
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref59
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref59
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref60
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref60
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref60
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref61
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref61
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref61
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref62
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref62
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref62
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref62
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref63
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref63
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref63
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref63
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref64
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref64
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref64
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref64
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref65
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref65
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref65
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref66
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref66
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref66
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref67
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref67
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref67
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref68
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref68
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref68
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref69
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref69
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref69
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref69
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref70
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref70
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref70
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref70
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref71
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref71
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref71
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref71
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref71
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref72
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref72
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref72
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref72
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref73
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref73
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref73
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref73
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref74
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref74
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref74
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref75
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref75
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref75
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref76
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref76
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref77
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref77


R.A. Nebel et al. / Alzheimer’s & Dementia - (2018) 1-1312
[78] Mikkola TS, Savolainen-Peltonen H, Tuomikoski P, Hoti F,

Vattulainen P, GisslerM, et al. Lower death risk for vascular dementia

than for alzheimer’s disease with postmenopausal hormone therapy

users. J Clin Endocrinol Metab 2017;102:870–7.

[79] Espeland MA, Shumaker SA, Leng I, Manson JE, Brown CM,

LeBlanc ES, et al. Long-term effects on cognitive function of post-

menopausal hormone therapy prescribed to women aged 50 to 55

years. JAMA Intern Med 2013;173:1429–36.

[80] 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 Ran-

domized, Controlled KEEPS-Cognitive and Affective Study. PLoS

Med 2015;12:e1001833; discussion e1001833.

[81] Henderson VW, St John JA, Hodis HN, McCleary CA, Stanczyk FZ,

Shoupe D, et al. Cognitive effects of estradiol after menopause: a ran-

domized trial of the timing hypothesis. Neurology 2016;87:699–708.

[82] Kantarci K, Lowe VJ, Lesnick TG, Tosakulwong N, Bailey KR,

Fields JA, et al. Early postmenopausal transdermal 17beta-Estradiol

therapy and amyloid-beta deposition. J Alzheimers Dis 2016;

53:547–56.

[83] Maki PM, Rubin LH, Savarese A, Drogos L, Shulman LP, Banuvar S,

et al. Stellate ganglion blockade and verbal memory in midlife

women: Evidence from a randomized trial. Maturitas 2016;92:123–9.

[84] Maki PM, Drogos LL, Rubin LH, Banuvar S, Shulman LP, Geller SE.

Objective hot flashes are negatively related to verbal memory perfor-

mance in midlife women. Menopause 2008;15:848–56.

[85] Rocca WA, Bower JH, Maraganore DM, Ahlskog JE, Grossardt BR,

de Andrade M, et al. Increased risk of cognitive impairment or de-

mentia in women who underwent oophorectomy before menopause.

Neurology 2007;69:1074–83.

[86] Coppus AM, Evenhuis HM, Verberne GJ, Visser FE, Eikelenboom P,

van Gool WA, et al. Early age at menopause is associated with

increased risk of dementia and mortality in women with Down syn-

drome. J Alzheimers Dis 2010;19:545–50.

[87] Phung TK, Waltoft BL, Laursen TM, Settnes A, Kessing LV,

Mortensen PB, et al. Hysterectomy, oophorectomy and risk of de-

mentia: a nationwide historical cohort study. Dement Geriatr Cogn

Disord 2010;30:43–50.

[88] Corbo RM, Gambina G, Broggio E, Scacchi R. Influence of variation

in the follicle-stimulating hormone receptor gene (FSHR) and age at

menopause on the development of Alzheimer’s disease in women.

Dement Geriatr Cogn Disord 2011;32:63–9.

[89] Zhou G, Liu J, Sun F, Duan L, Yan B, Peng Q. Cognitive functioning

in elderly women who underwent unilateral oophorectomy before

menopause. Int J Neurosci 2011;121:196–200.

[90] Henderson VW, Sherwin BB. Surgical versus natural menopause:

cognitive issues. Menopause 2007;14:572–9.

[91] Rocca WA, Grossardt BR, Shuster LT. Oophorectomy, menopause,

estrogen treatment, and cognitive aging: clinical evidence for a win-

dow of opportunity. Brain Res 2011;1379:188–98.

[92] Vearncombe KJ, Pachana NA. Is cognitive functioning detrimentally

affected after early, induced menopause? Menopause 2009;

16:188–98.

[93] Bove R, Secor E, Chibnik LB, Barnes LL, Schneider JA,

Bennett DA, et al. Age at surgical menopause influences cogni-

tive decline and Alzheimer pathology in older women. Neurology

2014;82:222–9.

[94] Geerlings MI, Ruitenberg A, Witteman JC, van Swieten JC,

Hofman A, van Duijn CM, et al. Reproductive period and risk of de-

mentia in postmenopausal women. JAMA 2001;285:1475–81.

[95] Barnes LL, Wilson RS, Schneider JA, Bienias JL, Evans DA,

Bennett DA. Gender, cognitive decline, and risk of AD in older per-

sons. Neurology 2003;60:1777–81.

[96] Radford K, Delbaere K, Draper B, Mack HA, Daylight G,

Cumming R, et al. Childhood stress and adversity is associated

with late-life dementia in aboriginal Australians. Am J Geriatr Psy-

chiatry 2017;25:1097–106.
[97] Brinton RD, Yao J, Yin F, Mack WJ, Cadenas E. Perimenopause as a

neurological transition state. Nat Rev Endocrinol 2015;11:393–405.

[98] Yao J, Irwin RW, Zhao L, Nilsen J, Hamilton RT, Brinton RD. Mito-

chondrial bioenergetic deficit precedes Alzheimer’s pathology in fe-

male mouse model of Alzheimer’s disease. Proc Natl Acad Sci U S A

2009;106:14670–5.

[99] Ding F, Yao J, Rettberg JR, Chen S, Brinton RD. Early decline in

glucose transport and metabolism precedes shift to ketogenic system

in female aging and Alzheimer’s mouse brain: implication for bioen-

ergetic intervention. PLoS One 2013;8:e79977.

[100] Ding F, Yao J, Zhao L, Mao Z, Chen S, Brinton RD. Ovariectomy in-

duces a shift in fuel availability and metabolism in the hippocampus

of the female transgenic model of familial Alzheimer’s. PLoS One

2013;8:e59825.

[101] 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.

[102] Berti V, Murray J, Davies M, Spector N, Tsui WH, Li Y, et al.

Nutrient patterns and brain biomarkers of Alzheimer’s disease in

cognitively normal individuals. J Nutr Health Aging 2015;

19:413–23.

[103] Mosconi L, Murray J, Davies M, Williams S, Pirraglia E, Spector N,

et al. Nutrient intake and brain biomarkers of Alzheimer’s disease in

at-risk cognitively normal individuals: a cross-sectional neuroimag-

ing pilot study. BMJ Open 2014;4.

[104] Mosconi L, Berti V, Guyara-Quinn C, McHugh P, Petrongolo G,

Osorio RS, et al. Perimenopause and emergence of an Alzheimer’s

bioenergetic phenotype in brain and periphery. PLoS One 2017;

12:e0185926.

[105] Kramer JH, Yaffe K, Lengenfelder J, Delis DC. Age and gender in-

teractions on verbal memory performance. J Int Neuropsychol Soc

2003;9:97–102.

[106] Sundermann EE, Rubin LH, Lipton RB, Landau S,

Biegon AAlzheimer’s Disease Neuroimaging Initiative. Female

advantage in verbal memory: Evidence of sex-specific cognitive

reserve. Neurology 2016;87:1916–24.

[107] Sundermann EE, Biegon A, Rubin LH, Lipton RB, Mowrey W,

Landau S, et al. Better verbal memory in women than men in MCI

despite similar levels of hippocampal atrophy. Neurology 2016;

86:1368–76.

[108] Sundermann EE, Rubin LH, Lipton RB, Landau S, Maki PM. Does

the female does the female advantage in verbal memory contribute

to underestimating Alzheimer’s disease pathology in women versus

men? J Alzheimers Dis 2017;56:947–57.

[109] Irvine K, Laws KR, Gale TM, Kondel TK. Greater cognitive deteri-

oration in women than men with Alzheimer’s disease: a meta anal-

ysis. J Clin Exp Neuropsychol 2012;34:989–98.

[110] Holland D, Desikan RS, Dale AM, McEvoy LKAlzheimer’s Disease

Neuroimaging Initiative. Higher rates of decline for women and

apolipoprotein E epsilon4 carriers. AJNR Am J Neuroradiol 2013;

34:2287–93.

[111] Lin KA, Choudhury KR, Rathakrishnan BG, Marks DM, Petrella JR,

Doraiswamy PM, et al. Marked gender differences in progression of

mild cognitive impairment over 8 years. Alzheimers Dement 2015;

1:103–10.

[112] Jack CR Jr, Bennett DA, Blennow K, Carrillo MC, Feldman HH,

Frisoni GB, et al. A/T/N: an unbiased descriptive classification

scheme for Alzheimer disease biomarkers. Neurology 2016;

87:539–47.

[113] Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, FaganAM,

et al. Toward defining the preclinical stages of Alzheimer’s disease:

recommendations from the National Institute on Aging-Alzheimer’s

Association workgroups on diagnostic guidelines for Alzheimer’s

disease. Alzheimers Dement 2011;7:280–92.

[114] Dubois B, Hampel H, Feldman HH, Scheltens P, Aisen P,

Andrieu S, et al. Preclinical Alzheimer’s disease: definition,

http://refhub.elsevier.com/S1552-5260(18)30130-4/sref78
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref78
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref78
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref78
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref79
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref79
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref79
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref79
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref80
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref80
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref80
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref80
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref80
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref81
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref81
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref81
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref82
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref82
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref82
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref82
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref83
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref83
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref83
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref84
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref84
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref84
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref85
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref85
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref85
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref85
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref86
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref86
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref86
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref86
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref87
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref87
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref87
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref87
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref88
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref88
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref88
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref88
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref89
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref89
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref89
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref90
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref90
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref91
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref91
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref91
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref92
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref92
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref92
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref93
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref93
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref93
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref93
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref94
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref94
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref94
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref95
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref95
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref95
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref96
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref96
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref96
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref96
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref97
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref97
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref98
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref98
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref98
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref98
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref99
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref99
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref99
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref99
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref100
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref100
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref100
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref100
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref101
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref101
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref101
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref101
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref102
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref102
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref102
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref102
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref103
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref103
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref103
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref103
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref104
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref104
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref104
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref104
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref105
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref105
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref105
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref106
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref106
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref106
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref106
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref107
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref107
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref107
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref107
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref108
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref108
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref108
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref108
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref109
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref109
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref109
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref110
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref110
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref110
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref110
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref111
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref111
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref111
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref111
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref112
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref112
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref112
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref112
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref113
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref113
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref113
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref113
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref113
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref114
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref114


R.A. Nebel et al. / Alzheimer’s & Dementia - (2018) 1-13 13
natural history, and diagnostic criteria. Alzheimers Dement 2016;

12:292–323.

[115] Jack CR Jr, Wiste HJ, Weigand SD, Therneau TM, Knopman DS,

Lowe V, et al. Age-specific and sex-specific prevalence of cerebral

beta-amyloidosis, tauopathy, and neurodegeneration in cognitively

unimpaired individuals aged 50-95 years: a cross-sectional study.

Lancet Neurol 2017;16:435–44.

[116] Hua X, Hibar DP, Lee S, Toga AW, Jack CR Jr, WeinerMW, et al. Sex

and age differences in atrophic rates: an ADNI study with n51368

MRI scans. Neurobiol Aging 2010;31:1463–80.

[117] 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 pa-

tients: results from ADNI. Neuroimage 2011;56:890–906.

[118] Barnes LL, Wilson RS, Bienias JL, Schneider JA, Evans DA,

Bennett DA. Sex differences in the clinical manifestations of Alz-

heimer disease pathology. Arch Gen Psychiatry 2005;62:685–91.

[119] Filon JR, Intorcia AJ, Sue LI, Vazquez Arreola E, Wilson J,

Davis KJ, et al. Gender differences in Alzheimer disease: brain

atrophy, histopathology burden, and cognition. J Neuropathol

Exp Neurol 2016;75:748–54.

[120] Koran MEI, Wagener M, Hohman TJAlzheimer’s Neuroimaging

Initiative. Sex differences in the association between AD biomarkers

and cognitive decline. Brain Imaging Behav 2017;11:205–13.

[121] Corder EHSA, Strittmatter WJ, Schmechel DE, Gaskell PC,

Small GW, Roses AD, et al. Gene dose of apolipoprotein E type 4

allele and the risk of Alzheimer’s disease in late onset families. Sci-

ence 1993;261:921–3.

[122] Ossenkoppele R, Jansen WJ, Rabinovici GD, Knol DL, van der

Flier WM, van Berckel BN, et al. Prevalence of amyloid PET positiv-

ity in dementia syndromes: a meta-analysis. JAMA 2015;

313:1939–49.

[123] Verghese PB, Castellano JM, Garai K,WangY, JiangH, ShahA, et al.

ApoE influences amyloid-beta (Abeta) clearance despite minimal

apoE/Abeta association in physiological conditions. Proc Natl

Acad Sci U S A 2013;110:E1807–16.

[124] Mahley RW, Huang Y. Apolipoprotein e sets the stage: response to

injury triggers neuropathology. Neuron 2012;76:871–85.

[125] Neu SC, Pa J, Kukull W, Beekly D, Kuzma A, Gangadharan P, et al.

Apolipoprotein E genotype and sex risk factors for Alzheimer dis-

ease: A meta-analysis. JAMA Neurol 2017;74:1178–89.

[126] Corder EH, Ghebremedhin E, Taylor MG, Thal DR, Ohm TG,

Braak H. The biphasic relationship between regional brain senile pla-

que and neurofibrillary tangle distributions: modification by age, sex,

and APOE polymorphism. Ann N YAcad Sci 2004;1019:24–8.

[127] Altmann A, Tian L, Henderson VW, Greicius MDAlzheimer’s Dis-

ease Neuroimaging Initiative Investigators. Sex modifies the

APOE-related risk of developing Alzheimer disease. Ann Neurol

2014;75:563–73.

[128] Heise V, Filippini N, Trachtenberg AJ, Suri S, Ebmeier KP,

Mackay CE. Apolipoprotein E genotype, gender and age modulate
connectivity of the hippocampus in healthy adults. Neuroimage

2014;98:23–30.

[129] 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 con-

nectivity and spinal fluid tau levels. J Neurosci 2012;32:8254–62.

[130] Beydoun MA, Boueiz A, Abougergi MS, Kitner-Triolo MH,

Beydoun HA, Resnick SM, et al. Sex differences in the association

of the apolipoprotein E epsilon 4 allele with incidence of dementia,

cognitive impairment and decline. Neurobiol Aging 2012;

33:720–731.e4.

[131] Mortensen EL, Hogh P. A gender difference in the association be-

tween APOE genotype and age-related cognitive decline. Neurology

2001;57:89–95.

[132] TangMX, Jacobs D, Stern Y, Marder K, Schofield P, Gurland B, et al.

Effect of oestrogen during menopause on risk and age at onset of Alz-

heimer’s disease. Lancet 1996;348:429–32.

[133] Yaffe K, HaanM, Byers A, Tangen C, Kuller L. Estrogen use, APOE,

and cognitive decline: evidence of gene-environment interaction.

Neurology 2000;54:1949–54.

[134] Zandi PP, CarlsonMC, Plassman BL,Welsh-Bohmer KA,Mayer LS,

Steffens DC, et al. Hormone replacement therapy and incidence of

Alzheimer disease in older women: the Cache County Study.

JAMA 2002;288:2123–9.

[135] Beydoun MA, Beydoun HA, Kaufman JS, An Y, Resnick SM,

O’Brien R, et al. Apolipoprotein E epsilon4 allele interacts with

sex and cognitive status to influence all-cause and cause-specific

mortality in U.S. older adults. J Am Geriatr Soc 2013;61:525–34.

[136] Kok E, Haikonen S, Luoto T, Huhtala H, Goebeler S, Haapasalo H,

et al. Apolipoprotein E-dependent accumulation of Alzheimer

disease-related lesions begins in middle age. Ann Neurol 2009;

65:650–7.

[137] Tang MX, Maestre G, Tsai WY, Liu XH, Feng L, Chung WY, et al.

Relative risk of Alzheimer disease and age-at-onset distributions,

based onAPOE genotypes among elderly AfricanAmericans, Cauca-

sians, and Hispanics in New York City. Am J Hum Genet 1996;

58:574.

[138] Buring JE, Hennekens CH. Randomized trials of primary prevention

of cardiovascular disease in women. An investigator’s view. Ann Ep-

idemiol 1994;4:111–4.

[139] Ridker PM, Hennekens CH, Tofler GH, Lipinska I, Buring JE.

Anti-platelet effects of 100 mg alternate day oral aspirin: a ran-

domized, double-blind, placebo-controlled trial of regular and

enteric coated formulations in men and women. J Cardiovasc

Risk 1996;3:209–12.

[140] Antithrombotic Trialists Collaboration, Baigent C, Blackwell L,

Collins R, Emberson J, Godwin J, Peto R, et al. Aspirin in the primary

and secondary prevention of vascular disease: collaborative meta-

analysis of individual participant data from randomised trials. Lancet

2009;373:1849–60.

http://refhub.elsevier.com/S1552-5260(18)30130-4/sref114
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref114
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref115
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref115
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref115
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref115
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref115
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref116
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref116
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref116
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref116
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref117
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref117
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref117
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref118
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref118
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref118
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref119
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref119
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref119
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref119
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref120
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref120
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref120
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref121
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref121
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref121
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref121
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref122
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref122
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref122
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref122
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref123
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref123
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref123
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref123
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref124
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref124
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref140
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref140
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref140
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref125
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref125
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref125
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref125
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref126
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref126
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref126
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref126
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref127
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref127
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref127
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref127
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref128
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref128
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref128
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref128
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref129
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref129
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref129
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref129
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref129
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref130
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref130
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref130
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref131
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref131
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref131
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref132
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref132
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref132
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref133
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref133
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref133
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref133
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref134
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref134
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref134
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref134
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref135
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref135
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref135
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref135
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref136
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref136
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref136
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref136
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref136
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref137
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref137
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref137
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref138
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref138
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref138
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref138
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref138
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref139
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref139
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref139
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref139
http://refhub.elsevier.com/S1552-5260(18)30130-4/sref139

	Understanding the impact of sex and gender in Alzheimer's disease: A call to action
	1. Introduction
	1.1. Sex and gender differences in the frequency, prevalence, and incidence of AD

	2. Differential risk factors for women and men
	2.1. Examples of sex differences in risk factors for AD
	2.1.1. Cardiometabolic risk factors
	2.1.2. Depression
	2.1.3. Sleep

	2.2. Examples of gender and sociocultural risk factors for AD
	2.2.1. Education
	2.2.2. Exercise
	2.2.3. Marital status
	2.2.4. Caregiving for AD

	2.3. Sex-specific risk factors for women
	2.3.1. Hypertensive pregnancy disorders
	2.3.2. Menopause, hormone therapy, and cognition
	2.3.3. Natural menopause and memory decline
	2.3.4. Risk of initiating hormone therapy late in life
	2.3.5. Effects of HT on cognitive function in the early postmenopause
	2.3.6. Gynecological surgeries
	2.3.7. Neurobiological model of aging and menopause


	3. Clinical presentation of AD
	3.1. Sex differences in verbal memory: Implications for AD diagnosis
	3.2. Sex and gender differences in biomarkers: Neuroimaging, CSF, and autopsy studies
	3.3. Sex and gender differences in biomarkers: Genetics
	3.3.1. The APOE ε4-sex interaction on AD
	3.3.2. Women APOE ε4 carriers have worse longitudinal performance than men


	4. Future directions: Priority areas with respect to sex and gender differences that merit further exploration
	Acknowledgments
	References


