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A B S T R A C T

Vascular contributions to cognitive impairment and dementia (VCID) is the second most common cause of
dementia. While males overall appear to be at a slightly higher risk for VCID throughout most of the lifespan (up
to age 85), some risk factors for VCID more adversely affect women. These include female-specific risk factors
associated with pregnancy related disorders (e.g. preeclampsia), menopause, and poorly timed hormone re-
placement. Further, presence of certain co-morbid risk factors, such as diabetes, obesity and hypertension, also
may more adversely affect women than men. In contrast, some risk factors more greatly affect men, such as
hyperlipidemia, myocardial infarction, and heart disease. Further, stroke, one of the leading risk factors for
VCID, has a higher incidence in men than in women throughout much of the lifespan, though this trend is
reversed at advanced ages. This review will highlight the need to take biological sex and common co-morbidities
for VCID into account in both preclinical and clinical research. Given that there are currently no treatments
available for VCID, it is critical that we understand how to mitigate risk factors for this devastating disease in
both sexes.

1. Introduction

Vascular contributions to cognitive impairment and dementia
(VCID) is a heterogeneous group of disorders defined by cognitive de-
cline resulting from cerebrovascular pathology. VCID is the second most
common cause of dementia, accounting for approximately 10% of de-
mentia cases when it occurs as a single etiology dementia. Further,
∼50% of those with Alzheimer's disease (AD) have co-morbid VCID
pathology (“mixed dementia”) (Alzheimer's Association, 2016). The
cost of care for those with mixed AD/VCID pathology is estimated at
118 billion dollars per year in the US alone (Alzheimer's Association,
2016). Unfortunately, there is no cure for VCID, and current pharma-
cological treatments are only mildly effective for alleviating symptoms
in the short-term rather than addressing underlying pathology. There-
fore, identifying and targeting risk factors for VCID may now be the
most effective means for combating this debilitating and deadly group
of diseases. While aging is the largest risk factor for VCID, sex, cardi-
ovascular disease, metabolic disease, and other sex-specific risk factors
could work independently or in tandem with age to increase dementia

risk. While this review will not give justice to the vast amount of re-
search on VCID, it will give an overview of sex differences related to
some of the most important risk factors for VCID. In addition to cov-
ering cardiovascular and metabolic factors that affect both sexes, we
also focus on sex-specific risk factors including pregnancy, pre-
eclampsia, menopause, and hormone replacement therapy (see Fig. 1
for a summary). Given that there are currently no treatments available
for VCID, it is critical that we understand how to mitigate risk factors
for this devastating disease in both sexes.

1.1. Overview of Vascular Contributions to Cognitive Impairment and
Dementia (VCID)

The severity of VCID runs along a spectrum and can range from
milder forms of cognitive deficits to severe vascular dementia (VaD)
capable of impairing activities of daily living. Symptoms of VCID vary
depending on insult, but can include mental slowness and deficits in
executive function and memory, as well as a variety of behavioral,
psychological, and neurological disturbances. The pathogenesis of VCID
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begins with vascular injuries such as damage to cerebral small blood
vessels, carotid artery occlusion/stenosis, or stroke, with small vessel
disease being the most common cause. Other vascular risk factors, such
as cardiovascular disease, hypertension, and diabetes, can also con-
tribute to VCID. Each of these insults leads to cerebral hypoperfusion
and cognitive deficits (Iadecola, 2013). In addition to cognitive testing,
VCID diagnosis is often also dependent on neuroimaging findings and
therefore may go undiagnosed in the absence of stroke (Knopman et al.,
2003). VCID is often visualized on MRI and may include: infarcts (or
microinfarcts), small vessel disease (e.g. arteriolosclerosis or cerebral
amyloid angiopathy), hemorrhages (or microbleeds), and white matter
intensities (WMHs; areas of demyelination due to hypoperfusion)
(Gorelick et al., 2011).

2. Sex differences in overall VCID risk

While overall dementia prevalence is higher in women (de Silva
et al., 2003; Yamada et al., 1999), this sex difference appears to be
largely driven by AD-related dementia (Andersen et al., 1999). VaD
may be more common in men, although data is mixed. A few studies
show trends for higher risk in men which do not reach statistical sig-
nificance (Copeland et al., 1999; Fujishima and Kiyohara, 2002; Imfeld
et al., 2013b), while others have observed no sex difference (Andersen
et al., 1999). Yet, data from the Rotterdam Study, showed that VaD
incidence was significantly higher among men in the 75–90yr age
groups (Ruitenberg et al., 2001). Additionally, the ILSA study also
found a significantly higher risk (RR=2.23) of VaD in men vs. women
(Di Carlo et al., 2002). A possible explanation for these varied results
could be the age of the cohorts examined in the studies. A meta-analysis
on various European studies found that sex differences in prevalence of
VaD reversed their trend with advancing age. Before age 79, VaD was
more prevalent among men, but after age 85 it was more prevalent
among women (Lobo et al., 2000). This is in agreement with the Rot-
terdam Study which also found this reversal of the sex difference in
those 90 + years of age (Ruitenberg et al., 2001). However, caution
should be used when interpreting data in very old populations, due to
the survival bias of women. Taken together, these sex differences in
overall VCID risk led us to question how individual risk factors for VCID
vary between the sexes.

3. Sex differences in cardiovascular risk factors

3.1. Stroke

Stroke is a debilitating and deadly neurological event affecting

nearly 800,000 people each year in the U.S. alone (Benjamin et al.,
2017). Stroke is divided into two categories: ischemic (∼85% of cases)
and hemorrhagic (∼15% of cases) (Bamford et al., 1990). While stroke
kills about 140,000 Americans per year making it the 5th leading cause
of death in the U.S. (Yang et al., 2017), there is a vast number of in-
dividuals that survive stroke and must live with its disabling con-
sequences, including post-stroke dementia, which occurs in up to one-
third of stroke victims (Leys et al., 2005). Further, the relationship
between stroke and VaD risk is reciprocal, whereby stroke increases risk
of VaD and vice versa (Fujishima and Kiyohara, 2002; Imfeld et al.,
2013a; Ivan et al., 2004; Yamada et al., 1999, 2009).

Sex differences exist in the overall incidence, outcomes, and mor-
tality associated with stroke and appear to be dependent on age and
hormone status (Appelros et al., 2009; Girijala et al., 2017; Liu and
McCullough, 2012; Roy-O’Reilly and McCullough, 2018). While brain
infarction and intracerebral hemorrhage (ICH) are more common in
men, incidence rates of subarachnoid hemorrhage are higher in women
(Appelros et al., 2009). Although men are more likely to suffer from
stroke when compared to pre-menopausal women, the incidence of
stroke among women begins catching up to that of men after meno-
pause (Ahangar et al., 2018; Appelros et al., 2009; Petrea et al., 2009).
While stroke incidence is reported to be higher in men than in women
aged 45–84, this trend is reversed in the oldest age group (aged 85–94)
(Petrea et al., 2009).

It is possible that aging/menopause inflates risk of stroke indirectly
by increasing the incidence and severity of common risk factors in
women, as will be discussed. This accrual of insults may also explain the
long period of time between 17-β estradiol (E2) loss during menopause
and the reversed sex trend that is not observed until more than three
decades later.

Sex differences in efficacy of preventive medicine could also con-
tribute. For example, aspirin was found to reduce risk of stroke in
women but not men (1989; Ridker et al., 2005). Additionally, in pa-
tients treated with warfarin (an anti-coagulant medication) for atrial
fibrillation, the risk of stroke was twice as high in women compared to
men despite both sexes being anticoagulated to a similar degree (Poli
et al., 2009).

Data on sex differences in VCID risk following stroke is mixed. Some
studies found that there were no sex differences in incidence of VCID
following ischemic stroke (Sachdev et al., 2006), ICH stroke (Tveiten
et al., 2014), or any type of stroke (Wang et al., 2014). However,
multiple studies have found that women suffer worse functional out-
comes and cognitive decline after stroke than men do (Dhamoon et al.,
2015; Rasquin et al., 2002). Results could be influenced by the age of
the subjects, as several of these studies reported that female participants

Fig. 1. Schematic of sex differences in risk
factors for VCID. Risk factors that increase
risk in females only are shown in pink ar-
rows, and male risk factors are shown in blue
arrows. Risk factors that increase risk in both
sexes are shown in pink/blue with the pro-
portion of each color indicating which sex is
at greater risk. The inhibitory symbol is used
instead of an arrow head to indicate factors
which may decrease risk.
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were, on average, older than males. In a study in which age was ac-
counted for, no sex differences were found (Renoux et al., 2017). Fur-
ther in another study limited to ischemic stroke survivors aged 55
through 85, men were more likely to suffer memory impairment after
stroke (Pohjasvaara et al., 1997). Other studies examining sex differ-
ences in likelihood of post-stroke dementia have been mixed, with some
showing higher rates in men (Corraini et al., 2017) and others in
women (Andersson et al., 2012; Inzitari et al., 1998).

Sex differences in outcomes following stroke, including post-stroke
dementia, could be attributable to the fact that women tend to ex-
perience greater stroke severity compared to men (Niewada et al.,
2005). Sexual dimorphism in stroke could also be partially driven by
efficacy of stroke treatments. For example, minocycline, a potential
stroke medication, was found to only have beneficial effects in men
(Amiri-Nikpour et al., 2015), while treatment with tissue plasminogen
activator (tPA) may be more beneficial in women (Kent et al., 2008).

Studies in both humans and animals suggest a key role of sex hor-
mones in stroke. Effects of hormone replacement therapy (HRT) are
complex but results have generally been promising if HRT is initiated
soon after menopause (Carrasquilla et al., 2017; Miller and Harman,
2017; Zandi et al., 2002). while HRT administered later in life has been
shown to be detrimental. Thus, timing of HRT relative to menopause
appears to be very important, as will be discussed in detail in the
“menopause” section.

Clinical studies regarding the relationship between androgen levels
in men and stroke risk suggest that a proper balance of testosterone (T)
is vital. Low T and dihydrotestosterone (DHT) levels in men is asso-
ciated with increased risk of stroke, as well as worse outcomes (Yeap
et al., 2009, 2014), which could be related to increased presence of risk
factors (Kupelian et al., 2008). Decreased serum T levels are seen in
male stroke victims, and are correlated with stroke severity, mortality,
and infarct size even when controlling for other risk factors (Jeppesen
et al., 1996). Additionally, men treated for prostate cancer with an-
drogen deprivation therapy are at a heightened risk of ischemic stroke
(Chen et al., 2017). Conversely, T replacement therapy in males age
65+ increases the risk of cardio- and cerebrovascular events (Basaria
et al., 2010). It therefore appears that the effects of androgens in men
are dose-dependent, with both too high and too low levels of androgens
putting men at increased risk of stroke.

Animal studies have consistently shown that female rodents are
protected against stroke compared to males, demonstrated by less se-
vere pathology and improved functional outcomes in females (Alkayed
et al., 1998; Faber et al., 2017; Hall et al., 1991; Liu et al., 2009b;
Manwani et al., 2013; McCullough et al., 2005; Zhang et al., 2010;
Zhang et al., 2009). Interestingly, there is no sex difference in infarct
size following MCAO in aged mice (20–22mo), while others have
shown that the female advantage (smaller infarct size) is no longer
apparent in 16 month old reproductively senescent rats (Alkayed et al.,
2000). This could be due to declining levels of ovarian sex hormones in
females with age. The relationship between ovarian sex hormone levels
and stroke outcomes are supported by findings of altered outcomes over
the estrous cycle, with smaller infarct size seen during proestrus (high
E2) (Carswell et al., 2000). Additionally, others have found that
ischemia/stroke-related outcomes are exacerbated by both aging and
OVX in females (Alkayed et al., 1998; Liu et al., 2009b). E2's protective
effects in experimental stroke models have been reported in young male
and female animals (Alkayed et al., 1998; Hawk et al., 1998; Toung
et al., 1998; Yang et al., 2002a).

Studies suggest that E2's effects may be dose-dependent, such that
E2 administered at physiological levels attenuates damage from ex-
perimental stroke (Alkayed et al., 2000; Cai et al., 2014; Rusa et al.,
1999), while supraphysiological doses may be detrimental, increasing
infarct size, oxidative stress, inflammation, and excitotoxicity (Ma
et al., 2013; Strom et al., 2009, 2011).

The effects of E2 may also be age-dependent, being protective in
young but ineffective or even deleterious in older rats and mice (Cai

et al., 2014; Leon et al., 2012; Selvamani and Sohrabji, 2010); however,
some have found that E2 reduces stroke damage in senescent female
rats (Alkayed et al., 2000). There is evidence to suggest that it may not
be older age per se that makes E2 ineffective in older/postmenopausal
animals and humans, but rather prolonged hypoestrogenicity (Suzuki
et al., 2007a). These findings provide evidence in favor of the “Timing
Hypothesis” for HRT, such that E2 treatment must start soon after
menopause to be effective (Carrasquilla et al., 2017; Roy-O'Reilly and
McCullough, 2018; Sahathevan et al., 2012; Sohrabji et al., 2013).

Interestingly, the opposite is seen in males such that stroke out-
comes are improved with aging. Most studies agree that aging and
castration in males has a positive impact on stroke outcomes (Cheng
et al., 2009; Liu et al., 2009b; Shapira et al., 2002), the only notable
exception being one study which found no significant difference
(Manwani et al., 2015). Protection provided by castration in young
males is reversed by administration of T and DHT (Cheng et al., 2007,
2009; Hawk et al., 1998; Yang et al., 2002b). Like E2, the effects of
androgens on stroke appear to be both dose- and age-dependent. While
low doses of both T and DHT decrease infarct size after cerebral
ischemia (Cheng et al., 2009, 2010; Pan et al., 2005; Uchida et al.,
2009), higher doses worsen outcomes (Uchida et al., 2009), in agree-
ment with findings in men that both low and high T are detrimental.

Sex differences in stroke risk and outcomes could be mediated in
part by differences in blood flow. Some studies have shown that female
rodents maintain cerebral blood flow in addition to having smaller in-
farcts than males after MCAO (Alkayed et al., 1998; Zhang et al., 2009,
2010). Even in healthy individuals, women consistently show higher
CBF compared to men across the lifespan (Rodriguez et al., 1988;
Satterthwaite et al., 2014; Tontisirin et al., 2007), and there is evidence
to suggest that CBF is controlled by female sex hormones in humans
(Brackley et al., 1999; Diomedi et al., 2001; Ohkura et al., 1995).
Maintenance of CBF is dependent on cerebrovascular tone and re-
activity. Females exhibit greater vasodilation and cerebrovascular re-
activity (Ahnstedt et al., 2013; Geary et al., 1998; Zuloaga et al.,
2014a), which is highly influenced by sex hormones. E2 promotes va-
sodilation by upregulating the production and activity of vasodilatory
factors like NO (Geary et al., 1998, (Geary et al., 2000a); McNeill et al.,
1999; McNeill et al., 2002; Murata et al., 2013; Sobey et al., 2004;
Stirone et al., 2005; Stirone et al., 2003), while androgens promote
vasoconstriction, attenuating the production of vasodilators and in-
creasing the production of vasoconstrictors (Geary et al., 2000b;
Gonzales et al., 2004, 2005). Additionally, sex effects in stroke could be
mediated by other cerebrovascular factors, such as coagulation and
thrombolysis (reviewed in (Roy-O’Reilly and McCullough, 2014)), as
well as atherosclerosis (reviewed in (Haast et al., 2012)).

There is ample other evidence to suggest that sex hormones mediate
stroke risk and outcomes via their diverse actions on the cere-
brovasculature (Duckles and Krause, 2011; Krause et al., 2006). E2
particularly has protective effects on endothelial cell function and
survival (Guo et al., 2010; Kemper et al., 2013). Additionally, sex
hormones play a key role in mediating inflammation in the cere-
brovasculature. E2 appears to exert potent anti-inflammatory effects
following experimental stroke (Park et al., 2006; Santizo et al., 2000),
which may be mediated in part via suppression of NFkB (Galea et al.,
2002), and is accompanied by inhibition of pro-inflammatory mediators
(Razmara et al., 2005; Sunday et al., 2007). Androgens may also exert
anti-inflammatory effects in the cerebrovasculature under ischemic
conditions, though these effects are believed to occur via an estrogenic
pathway (Zuloaga and Gonzales, 2011). E2, and DHT via an estrogenic
pathway, also attenuate the expression of cell adhesion molecules (e.g.
ICAM-1, VCAM-1) that mediate leukocyte recruitment to the cere-
brovasculature (Galea et al., 2002; Zuloaga et al., 2012). Additionally,
females exhibit lower levels of cerebrovascular oxidative stress than
males, and these sex differences appear to be driven by the presence of
gonadal hormones (Miller et al., 2007a). Lastly, studies suggest pro-
tective effects of female sex and ovarian hormones on blood brain
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barrier (BBB) permeability (Shin et al., 2016), demonstrating variability
of BBB integrity over the estrus cycle (Saija et al., 1990), in intact versus
ovariectomized females (Cipolla et al., 2009; Saija et al., 1990; Wilson
et al., 2008), and in young versus reproductively senescent females
(Bake and Sohrabji, 2004). E2 treatment protects against BBB damage,
disruption, and permeability in response to ischemia(Liu et al., 2005),
while protective effects of T replacement are also seen for BBB per-
meability in castrated males (Atallah et al., 2017). E2 may reduce BBB
permeability by increasing tight junction protein expression (Burek
et al., 2010; Kang et al., 2006), an effect also seen with T treatment
(Atallah et al., 2017), and reduce the production of matrix metallo-
proteinases that degrade tight junctions (Li et al., 2011; Liu et al.,
2005). The benefits of E2 on BBB integrity and function following
stroke also serve to attenuate edema (Auriat et al., 2005; O'Donnell
et al., 2006) and reduce leukocyte transmigration (Santizo and
Pelligrino, 1999; Santizo et al., 2000).

In addition to their wide range of actions on the cerebrovasculature,
sex hormones also exert a multitude of effects on other cells types that
can influence the pathogenesis of stroke. For example, E2 increases
adult neurogenesis, synaptic plasticity, and neurotrophic growth factor
signaling, attenuates autophagy, and is protective against ex-
citotoxicity, inflammation, oxidative stress, and apoptosis (Batnasan
et al., 2015; Herzog et al., 2017; Li et al., 2017a; McCullough and Hurn,
2003; Suzuki et al., 2007b; Zhang et al., 2017; Zheng et al., 2013). T can
have neuroprotective effects by being aromatized into E2, while other
mechanisms are mediated by androgenic signaling (reviewed in (Giatti
et al., 2018; Gonzales, 2013)). This includes, for example, supporting
synapses (Leranth et al., 2003) and increasing survival of adult-born
neurons (Hamson et al., 2013; Spritzer and Galea, 2007), as well as
promoting antioxidant activity and cell survival (Ahlbom et al., 2001;
Lee et al., 2008). Conversely, androgens appear to promote ex-
citotoxicity and resulting cell death (Yang et al., 2002b) as well as
promoting apoptotic and antagonizing cell survival pathways (reviewed
in (Quillinan et al., 2014)).

While sex hormone effects appear to mediate many of the sex dif-
ferences in stroke risk and outcomes, contribution of sex chromosome
effects have also been demonstrated. Using the 4 core genotypes model,
in which the sex-determining SRY gene is moved from the Y chromo-
some to an autosome (De Vries et al., 2002), it was found that gonadal
sex, rather than sex chromosomal complement (XX or XY), determines
ischemic stroke outcomes in gonadally intact young mice. Specifically,
E2 was found to mediate the improved outcomes in females (Manwani
et al., 2015). However, in aged mice, sex complement determines is-
chemic stroke outcomes. While there were no differences in sex hor-
mone (E2 and T) levels between groups, XX males and XX females had
larger infarct size compared to XY males and XY females following
MCAO, in addition to increased inflammation (McCullough et al.,
2016). The importance of sex hormones vs. sex complement on sexual
dimorphism in stroke outcomes may therefore be age-dependent. Cel-
lular mechanisms of stroke also appear to be mediated by sex chro-
mosomes, with XY neurons relying more on the AIF-dependent pathway
and XX neurons relying on a cytochrome c dependent cell death
pathway (Du et al., 2004). In vivo stroke studies have confirmed that
XX chromosome status, rather than sex hormones, is responsible for the
increased caspase-mediated cell death in females (Liu et al., 2009a).
Taken together, these findings suggest that not only sex hormones, but
also sex complement, can play a significant role in stroke outcomes.

3.2. Hypertension

Hypertension (systolic pressure> 140mmHg) increases risk of
VCID (Fujishima and Kiyohara, 2002; Yamada et al., 1999) and other
dementia types (Iadecola et al., 2016). Men have a higher incidence of
hypertension than women throughout most of the lifespan, although
this sex difference dissipates after menopause (Gillis and Sullivan,
2016). However, multiple studies have found that hypertension

increases the risk of developing VaD and negatively affects cognitive
function in women, but not in men (Gilsanz et al., 2017; Hebert et al.,
2000). For example, higher systolic blood pressure correlates with
lower scores on mini-mental state examinations in hypertensive women
but not in men (Seux et al., 1998). Further, age is an important factor to
consider. Gilsanz et al. found that there was a 65% increased risk of
dementia in women, but not men, who suffer from hypertension at mid-
life. Meanwhile, hypertension in early adulthood had no significant
effect in either sex (Gilsanz et al., 2017). However, increased VaD risk
in men with mid-life hypertension was observed in the Honolulu-Asia
Aging Study (Freitag et al., 2006), although this study did not include
any women for comparison. Recently it was also discovered that late-
life hypertension increases VCID and AD pathology, in both women and
men (Arvanitakis et al., 2018), however sex differences were not as-
sessed. Taken together these studies suggest that mid-late life hy-
pertension is a major risk factor for dementia, particularly in women.
Therapeutic effects of anti-hypertensive medications in clinical trials for
dementia have been mixed. However, recent preliminary results from
the SPRINT MIND Study, presented at the 2018 Alzheimer's Association
International Conference, suggested that the degree of blood pressure
control may be key, with intensive systolic blood pressure control
(< 120mmHg) reducing combined risk of cognitive impairment and
dementia compared to traditional blood pressure control (AAIC, 2018).
Sex differences in the efficacy of intensive blood pressure control have
yet to be assessed.

Sex differences in cognitive function in response to hypertension
have also been examined with mixed results. A detailed comparison in
male and female spontaneously hypertensive rats showed that females
had worse spatial memory than males, and that middle-aged hy-
pertensive rats of both sexes had poorer spatial memory than control
rats of the same sex (Grunblatt et al., 2015).

Considering hypertension's influence on dementia risk, it is im-
portant to understand sex differences regarding blood pressure control
and how this might change with age. The renin angiotensin system
(RAS) is integral to blood pressure regulation, with components that
increase [e.g. Angiotensin II (AngII),] and decrease blood pressure [e.g.
Ang-(1–7)]. Sex differences within the RAS system have been reported.
For example, sensitivity to AngII-induced increases in blood pressure
are lower in gonadally intact females than in males. However, OVX
increases sensitivity to the AngII-induced increases in blood pressure,
while E2 replacement reverses this effect. The effects have been shown
to be due to E2 upregulation of anti-hypertensive RAS components (Xue
et al., 2014). This sex difference may also be mediated by changes in
neuronal nitric oxide synthase (NOS), since NOS inhibitors allow
greater blood pressure increase in response to AngII in females, while
they produce no effect in males (Xue et al., 2009b). Finally, the female
advantage may also be mediated by a more anti-inflammatory en-
vironment (Gillis and Sullivan, 2016). The protective effects of E2 on
the RAS system are in line with the loss of female advantage in hy-
pertension incidence in the decade after menopause (Gillis and
Sullivan, 2016).

E2 treatment has also been shown to influence blood pressure in
humans and in animal models. E2 improves endothelium-dependent
vasodilation in hypertensive women (Lima et al., 2005). Gonadally
intact females are protected from aldosterone/NaCl-induced increases
in blood pressure relative to males; however, gonadectomized females
lost this protection relative to males, which could be reversed by E2.
Males were also protected by E2, and female protection was diminished
by an estrogen receptor antagonist (Xue et al., 2009a). Beneficial effects
of E2 have also been demonstrated in other models of hypertension,
with central administration of E2 reducing AngII induced increases in
blood pressure and oxidative stress (Xue et al., 2008). While loss of E2
with menopause increases blood pressure following AngII, systemic E2
given during perimenopause can reverse this effect in mice (Pollow
et al., 2015).

T affects blood pressure differently in men and women. High T
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levels have been associated with increased blood pressure in post-me-
nopausal women (Ziemens et al., 2013), while the reverse trend is
observed in men (Khaw and Barrett-Connor, 1988). These opposing
effects could contribute to sex differences as hormone levels change
with age.

3.3. Other cardiovascular diseases

Many cardiovascular diseases, such as atherosclerosis, heart disease,
heart failure, and myocardial infarction, increase VCID risk (Mortel
et al., 1993; Sundboll et al., 2018). There are sex differences in the way
that myocardial infarctions affect dementia risk. Data from the Rot-
terdam Study show that men, but not women, with unrecognized
myocardial infarctions (a heart attack that was not reported but diag-
nosed based on EKG results) had greater dementia risk compared to
those without myocardial infarction, and this correlated with greater
cerebral small vessel disease pathology (white matter lesions and is-
chemic damage) on MRI, indicating VCID (Ikram et al., 2008). Like-
wise, a Canadian study found that heart disease was a risk factor for the
development of VaD in men but not in women (Hebert et al., 2000).
Thus, for myocardial infarction, the limited data available suggests this
may be a larger risk factor for VCID in men than women.

4. Sex differences in metabolic risk factors

4.1. Diabetes

Likely due to the shortened lifespan (∼68 yrs in women, ∼66yrs in
men) in type 1 diabetic patients (Livingstone et al., 2015), the role of
type 1 diabetes in VaD or VCID risk has yet to be determined, thus our
review will focus on type 2 diabetes. However, it is important to note
that as lifespan increases in type 1 diabetic patients, this area of re-
search should be addressed, as animal studies do suggest that type 1
diabetes induces VCID-like pathology (Sharma and Singh, 2011).

Type 2 diabetes increases overall dementia risk and doubles the risk
of VaD (Ahtiluoto et al., 2010; Peila et al., 2002). Over 30 million
people in the United States have type 2 diabetes and that number is
increasing (CDC, 2017). While men are more prone to develop type 2
diabetes than women of a similar body weight, women are more prone
to obesity, which is the leading risk factor for diabetes (Kautzky-Willer
et al., 2016). Thus, due to these conflicting effects of sex on metabolic
function no sex differences in diabetes prevalence are observed in the
US (CDC, 2017). Interestingly one study found that among VaD patients
diabetes was more prevalent in women than men (64% vs. 36%) (Liu
et al., 2018). This raises the question of how and if female sex hormones
influence the effect of diabetes on VCID and related dementias. It was
found that high serum E2 levels put postmenopausal women at an in-
creased risk of all-cause dementia; however, low E2 levels were equally
risky, suggesting a J-shaped curve. Additionally, diabetes put these
women at an even greater risk of developing dementia (Carcaillon et al.,
2014).

Prediabetes, defined as glucose intolerance or insulin resistance in
the absence of hyperglycemia, has also been found to be a risk factor for
vascular dementia, all-cause dementia, and AD (Ohara et al., 2011).
Interestingly, we have found middle-aged female mice develop more
severe glucose intolerance than males when fed a high fat diet (Salinero
et al., 2018). Sex differences in prediabetes in humans need further
evaluation.

Evidence supports a sex difference in the effects of type 2 diabetes
on VCID specifically, with women being more adversely affected than
men. The Cache County study found that type 2 diabetes confers a 3.3-
fold increased risk of VaD in women but not in men (Hayden et al.,
2006). Further, a recent meta-analysis that included over 2.3 million
individuals, found that compared to men with diabetes, women with
diabetes have a 19% greater risk of developing vascular dementia
(Chatterjee et al., 2016). Finally, a study of ischemic stroke patients

found that diabetes was a risk factor for both VaD and VCI after stroke,
and that women had greater levels of post stroke dementia, though
lower levels of education which could have confounded results (Arauz
et al., 2014). Taken together, these studies clearly show that type 2
diabetes is a risk factor for VCID, and suggests that the risk is particu-
larly strong in women compared to men.

Mechanisms by which diabetes may increase VCID risk include in-
creased oxidative stress, cerebrovascular remodeling, endothelial dys-
function/impaired vasodilation, and altered coagulation (Ergul et al.,
2012; Kautzky-Willer et al., 2016). These factors lead to deficits in
blood flow that appear to be reversible. For example, we have found
that in rodent models of both type 1 (Jouihan et al., 2013) and type 2
diabetic stroke (Zuloaga et al., 2014b) inhibiting the breakdown of
vasodilatory/neuroprotective epoxeicosatrienoic acids is neuroprotec-
tive (Zuloaga et al., 2014b), and accompanied by reversal of blood flow
deficits (Zuloaga et al., 2014b). Other treatments, such as insulin re-
placement in type 1 diabetic rats, can also reverse impairments in
cerebral vessel vasodilation (Mayhan et al., 2001). Further, we have
found that in a rodent model of metabolic syndrome (chronic high fat
diet), which causes cognitive deficits and reduced blood flow, a simple
change in diet can lead to improved metabolic, cognitive and vascular
function (Johnson et al., 2016). We have shown that, similar to stroke,
metabolic syndrome increases cognitive deficits in mouse models of
VCID through blood flow deficits as well as through increased neu-
roinflammation and neuronal loss (Zuloaga et al., 2016). These studies
suggest that the effects of diabetes on VCID may be preventable with
lifestyle interventions or medication to improve metabolic function.

The role of sex hormones within these processes offers explanation
for clinical observations of sex differences in diabetic cerebrovascular
diseases. In a meta-analysis of 64 studies, comprising over 775,000
individuals, it was found that women with type 2 diabetes have a 27%
greater risk of stroke compared to diabetic men (Peters et al., 2014).
Bearing in mind that stroke is a principal risk factor for VCID, me-
chanistic studies on the interplay between stroke and diabetes in
women is critically important. When researchers compared stroke
outcomes between males and females in rodent models of diabetes,
varied results have been demonstrated. One study using a genetic
model of diabetes (db/db mice) did find that, compared to females,
males had worse outcomes after stroke regarding both ischemic infarct
volume and mortality (Vannucci et al., 2001). However, the majority of
studies have found that diabetic females are worse off than their male
counterparts. For instance, in a different genetic model of diabetes
(KKAy mice), female mice had much larger infarct sizes. Despite this
female disadvantage, E2 was still found to be neuroprotective in these
mice. Specifically, the female mice had larger ischemic areas that were
worsened by ovariectomy and ameliorated by E2 treatment (Sakata
et al., 2011). A type 2 diabetes model (high fat diet + low dose STZ)
found that non-diabetic female rats had better outcomes after stroke
than males, but this protection was lost when comparing diabetic males
and females (Li et al., 2017b). Sex differences in the effects of diabetes
on coagulation factors could contribute to differences seen in stroke,
with women with diabetes being in a more pro-thrombic state
(Alzahrani et al., 2012; Neergaard-Petersen et al., 2014).

Other clinical sex differences in diabetes have been observed. For
example, women with diabetes had greater levels of systemic in-
flammation, as indicated by elevated plasma levels of C-reactive protein
(Mrgan et al., 2018) and a strong trend (p=0.06) toward lower hip-
pocampal volumes (Hempel et al., 2012) than men with diabetes. In a
small study, HRT was demonstrated to increase insulin clearance in
newly post-menopausal women (age 56 ± 4 years) (Van Pelt et al.,
2003). In line with this, the HERS study found that HRT (avg age 66 yrs)
reduced diabetes incidence by 35% (Kanaya et al., 2003). However,
while HRT was protective against metabolic impairment in this older
population, timing/age of HRT onset is likely important for the cogni-
tive effects of HRT (as discussed in depth in the HRT section below)
since HRT initiated in diabetic women over 65 is actually linked to
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more grey matter loss (Espeland et al., 2015).
Animal models have also supported the role of sex hormones in

diabetes-related inflammation and oxidative stress. For example, a ge-
netic rodent model of diabetes (KKAy mice), found that female mice
had higher NADPH oxidase activity in their brains (indicative of greater
oxidative stress), worse cognitive performance, and worse glucose tol-
erance than diabetic males. When the females underwent OVX, E2
treatment attenuated NADPH oxidase activity and improved glucose
tolerance (Sakata et al., 2010). There is still much unknown about the
mechanisms that distinguish diabetes in men and women and how these
differences could affect VCID.

4.2. Obesity

The number of people categorized as obese is increasing, and that
trend is forecast to continue its upward climb (2016). Currently, nearly
40% of American adults are considered obese, with rates of obesity
increasing with age. This is concerning, as studies have consistently
found a link between obesity, particularly at middle age, and dementia
risk in later life (Fitzpatrick et al., 2009; Whitmer et al., 2005, 2008).
Obesity is a condition that could contribute to dementia risk directly or
indirectly by influencing other risk factors. For example, human studies
have revealed that abdominal adiposity is associated with stroke risk
(Bodenant et al., 2011) and visceral fat with cerebral small vessel dis-
ease (Kim et al., 2017). Additionally, lifestyle factors such as poor nu-
trition and lack of physical activity could contribute to both obesity and
dementia risk (reviewed in (Ahlskog et al., 2011; Morris and Tangney,
2014)). Some have attempted to parse out the relationship between
obesity and subtypes of dementia. Body mass index (BMI), calculated
using height and weight, is the tool most commonly used to assess
whether an individual is overweight (BMI of 25–30) or obese (BMI
of> 30). In a larger cohort study of over 10,000 individuals, in-
dividuals obese at midlife (40–45 years of age) had a 5x higher risk of
VaD, versus 3x higher risk of AD compared to normal weight in-
dividuals. Individuals who were overweight had a 2x higher risk of both
VaD and AD (Whitmer et al., 2007). These findings were independent of
cardiovascular disease, stroke, and diabetes comorbidities. Ad-
ditionally, obesity is associated with VCID pathology, with one study
demonstrating increased risk and severity of white matter lesions with
higher BMI in elderly women (Gustafson et al., 2004). Other studies
suggest that the relationship between BMI and VaD may not be linear,
but rather have more of an inverted-U shape, with both low and high
BMI being associated with increased risk. For example, in a nested case-
control study, low BMI (< 20.5; OR=4.28), and being overweight/
obese (> 25.5; OR=4.62) were associated with increased VaD risk
(Chiang et al., 2007).

One small study suggests that the relationship between BMI and
VaD risk may be sex-dependent, affecting women more than men.
While having a very low BMI between the ages of 20 and 40 increased
the risk of VaD in both sexes, having a high BMI between the ages of 20
and 40 increased the risk of developing VaD in women only (Chen et al.,
2010). Additionally, the relationship between BMI and dementia risk
appears to be age-dependent, such that lower BMI in late life is asso-
ciated with increased dementia risk (Fitzpatrick et al., 2009). It is
possible that higher BMI in midlife is associated with increased vascular
risk factors, while declining BMI in later life could be indicative of
neurodegenerative processes and overall declining health (Arnoldussen
et al., 2014; Kivimaki et al., 2018), as accelerated weight loss and lower
BMI has been shown to precede dementia diagnosis in clinical popu-
lations (Johnson et al., 2006; Singh-Manoux et al., 2018). Obesity-in-
duced inflammation and oxidative stress could negatively impact the
brain and contribute to VaD. One study found that obesity in aging
increases systemic inflammation, BBB disruption, neuroinflammation,
oxidative stress, and cerebrovascular autoregulatory impairment
(Tucsek et al., 2014).

While BMI is a commonly used measure of adiposity, it has been

criticized for failing to take sex or body composition into account.
Additionally, it has been suggested that body fat distribution could
provide an improved indicator of health rather than global obesity
(Czernichow et al., 2011), as ∼10–40% of obese individuals do not
exhibit symptoms of metabolic syndrome (Hinnouho et al., 2013), and
some studies fail to show a link between BMI and VaD in men and
women (Hayden et al., 2006; Yamada et al., 2009). While studies
support a link between central adiposity/visceral fat and overall de-
mentia risk (Gustafson et al., 2009), studies explicitly examining this
link with VaD are scarcer. One study found that higher waist-to-hip
ratio (WHR), a commonly used indicator of central obesity was asso-
ciated with white matter hyperintensities and reductions in hippo-
campal volume in an older Latino population (Jagust et al., 2005).
Central obesity, and particularly visceral fat, may promote VCID pa-
thology and cognitive decline, as it is linked to greater metabolic im-
pairment and increased severity of vascular risk factors, as well as in-
creased risk of cardiovascular diseases (Fox et al., 2007; Gruzdeva et al.,
2018). Additionally, visceral obesity is associated with an increased
production of proinflammatory adipokines and decreased production of
anti-inflammatory adipokines (reviewed in (González-Muniesa et al.,
2017)). Higher levels of resistin, another pro-inflammatory adipokine
produced by visceral adipose tissue, are seen in individuals with VaD
and MxD (Bednarska-Makaruk et al., 2017). Removing visceral fat from
aged male mice reduces proinflammatory cytokines and improves BBB
integrity (Shin et al., 2015). Additionally, the authors found that re-
moving visceral fat from these mice offered stroke protection, including
smaller infarct volumes, less inflammation, and reduced BBB perme-
ability after ischemic brain injury (Shin et al., 2015).

Females may be protected against the pathologic effects of ab-
dominal/visceral fat due to sex differences in body fat distribution.
Although rates of obesity are higher in women than in men
(Collaboration, 2016; Fryar et al., 2016), and women have greater body
fat compared to males of similar BMI range (Nielsen et al., 2004), men
tend to accumulate abdominal/visceral fat (“android fat” distribution),
whereas females tend to accumulate subcutaneous fat and fat in the
gluteal-femoral regions (“gynoid fat” distribution) (Goodpaster et al.,
2005; Nielsen et al., 2004; Yim et al., 2008). This sex difference in
abdominal/visceral fat accumulation appears to diminish in older age
groups (Camhi et al., 2011; Goodman-Gruen and Barrett-Connor,
1996), with women gaining central/visceral fat following menopause,
suggesting an effect mediated by ovarian sex hormones (Ley et al.,
1992; Lovejoy et al., 2008; Svendsen et al., 1995). Additionally, OVX
leads to weight gain, increased visceral fat, and hyperlipidemia in fe-
male rats, with weight gain attenuated by E2 treatment (Babaei et al.,
2017). Adipose tissue expresses receptors for estrogen, progesterone,
and androgens, with this expression varying by sex and type of fat (i.e.
subcutaneous vs. visceral), and studies suggest that sex hormones in-
fluence both amount and distribution of body fat (reviewed in
(Rosenbaum and Leibel, 1999)). While E2 and progesterone appear to
promote fat accumulation, E2 promotes fat storage in peripheral (rather
than central locations); therefore, the redistribution of fat to central
locations following menopause in women is likely due to a decrease in
ovarian E2 production (Lobo et al., 1993; Lovejoy et al., 2008). Other
studies have documented the protection in female rodents against the
health consequences of obesity. One study found that although female
rats on a high fat diet gained more weight than males, they maintained
better insulin sensitivity and exhibited increased serum expression of
the anti-diabetic/anti-inflammatory cytokine adiponectin compared to
males (Amengual-Cladera et al., 2012). Others have found that al-
though young weight-matched female mice on a high fat diet have in-
creased adiposity and adipocyte size compared to males, they remain
more glucose tolerant, have increased expression of adiponectin, and
have reduced inflammation and oxidative stress in adipose tissue
(Nickelson et al., 2012). Evidence suggests that leptin may play a role,
since females show increased levels of circulating leptin compared to
males of similar BMI (even when corrected for fat mass) (Maffei et al.,
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1995; Rosenbaum et al., 1996), which could be explained by findings
that fat isolated from females secretes greater amounts of leptin com-
pared to fat from males (Licinio et al., 1998). This sex difference is
likely mediated by sex hormones. T is negatively associated with cir-
culating leptin levels, while T administration attenuates leptin expres-
sion in adipose tissue in vitro (Wabitsch et al., 1997). OVX attenuates
leptin levels that are restored by E2 replacement, while E2 treatment
increases leptin levels in both rodents and humans (Shimizu et al.,
1997). Additionally, E2 treatment increases leptin production of female
adipose tissue in vitro (Casabiell et al., 1998). E2-mediated increased
production of leptin by adipose tissue in females may be one me-
chanism by which females are protected in VCID, as leptin has been
shown to be neuroprotective, for example in stroke. Leptin treatment
reduces infarct volumes, and neurologic deficits in rodent models of
ischemic stroke (Deng et al., 2014).

Although females may accumulate less of the dangerous visceral fat
compared to males, there is evidence to suggest that the fat of females
may have greater pathological properties compared to males following
loss of ovarian hormone production. Menopause not only heralds in-
creased amounts of visceral fat, but differences in adipocyte char-
acteristics. For example, adipose samples from pre- and post-meno-
pausal women revealed greater adipocyte hypertrophy and oxidative
stress in the visceral fat of post-menopausal women compared to pre-
menopausal women, with in vitro findings suggesting that this could be
mediated by E2's antioxidant properties (Narumi et al., 2018). Animal
studies suggest that there are sex differences in inflammatory profiles of
adipose tissue. Middle-aged, reproductively senescent, female mice had
higher levels of CD8+T cells compared to both middle-aged males and
younger females. Since the levels of regulatory T cells were also re-
duced in the middle-aged females, the ratio of pro-inflammatory to anti-
inflammatory cells was tilted towards a pro-inflammatory state
(Ahnstedt et al., 2018). We have also shown that while juvenile females
are protected from the metabolic effects of a high fat diet compared to
males, this sex difference is reversed in middle-aged mice and females
gain more weight than males(Salinero et al., 2018). Another study
documented that OVX in female mice led to adipocyte hypertrophy and
increased levels of oxidative stress and inflammation within their adi-
pose tissue compared to intact female mice, which was rescued by E2
treatment (Stubbins et al., 2012). Taken together, these findings pro-
vide support that increasing risk factors and VCID in women after
menopause could be linked to increased amounts of visceral fat and
pathogenicity of fat tissue in females following loss of ovarian hormone
production.

4.3. Hyperlipidemia & APOE

Hyperlipidemia is a condition associated with increased risk of
cardiovascular disease. Influenced by both genetics and diet, some re-
searchers have investigated sex differences in the impact of lipids on
VCID risk. For women without vascular pathologies, having low tri-
glyceride levels offers protection against all-cause dementia. In men,
but not in women, low HDL-C levels and high triglyceride levels were
associated with increased all-cause dementia risk (Ancelin et al., 2013).
While low HDL levels may be more detrimental in men in regard to all-
cause dementia, this sex difference appears to be reversed in the context
of pure VCID. Low HDL is associated with increased risk of periven-
tricular white matter lesions, deep white matter lesions, and silent brain
infarctions in women but not men(Yin et al., 2018).

A key player in lipoprotein metabolism and lipid transport is apo-
lipoprotein E (APOE). APOE gene polymorphisms are linked to VaD risk
(Yin et al., 2012). For example, data from the Cache County Study
found that APOE4 allele increases risk of VaD in a dose-dependent
manner(Chuang et al., 2010). A recent study found that the 10-year risk
of VaD was 2.87 fold higher in those who carry two copies of the APOE4
allele compared to the APOE3 allele(Rasmussen et al., 2018). While sex
differences in the effect of APOE4 on VCID have not been reported, data

suggests that APOE4 allele is a stronger risk factor for AD in women
compared to men(Altmann et al., 2014). These studies suggest that sex
could impact the response to cardiovascular risk factors leading to di-
vergent VCID risks.

5. Sex-specific risk factors in women

5.1. Introduction

Given the effect of sex hormones on the cerebral vasculature and the
sex differences observed in overall VCID risk, sex-specific risk factors
should also be taken into consideration. There is little data on the as-
sociation between gestational diabetes, breastfeeding, hot flashes, en-
dometriosis, PCOS, hormonal birth control use, and maternal age in the
risk of developing VCID despite these events having significant effects
of hormone levels. For example, while oral contraceptives have been
associated with increased risk of stroke (Roach et al., 2015), breast-
feeding has been associated with a decreased risk of cardiovascular
disease (Peters et al., 2017), stroke (Jacobson et al., 2018), and AD (Fox
et al., 2013), but effects on VCID specifically are unknown. However,
several sex-specific risk factors have received some attention including
combined oral contraceptive use and cigarette smoking, pregnancy,
hypertensive pregnancy disorders, menopause, and HRT.

5.2. Combination of oral contraceptive use and cigarette smoking

Oral contraceptive (OC) use is a commonly prescribed form of birth
control which has historically been associated with increased risk of
thrombotic events involving both the arterial and venous systems due
to the overall hypercoagulable effect of estrogens (Dulicek et al., 2018).
In addition to venous thromboembolisms, oral contraceptives are as-
sociated with increased risk of arterial thrombotic events like ischemic
stroke and transient ischemic attacks which have the potential to
compromise cognitive function and contribute to VCID (Dulicek et al.,
2018). A meta-analysis reported the overall relative risk estimate for
ischemic stroke to be 2.75 (95% CI, 2.24–3.38) among current OC users
compared to non-OC users. The study also found that the risk of is-
chemic stroke remained elevated even among patients receiving the
lower-dose formulations currently used in clinical practice (Gillum
et al., 2000). Smoking is another significant risk factor for dementia, a
2015 meta-analysis found a consistent link between smoking and all-
cause dementia thought to be mediated by increased exposure to oxi-
dative stress and vascular injury (Zhong et al., 2015). Current CDC
guidelines advise caution when prescribing OC to smokers and is con-
traindicated among women over the age of 35 who smoke over 14 ci-
garettes per day. Guideline recommendations reflect results of several
studies suggesting that concurrent OC use and smoking adds additional
risk which may have a synergistic effect in causing adverse cardiovas-
cular health outcomes (Lidegaard, 1999). The WHO found that the
relative risk for cerebral thromboembolic attack was highest among OC
users and smokers, reported to be 7.2. Smoking alone was only asso-
ciated with a 1.2 relative risk and OC use alone had an estimated re-
lative risk of 2.1 (WHO, 1996). Similarly, a study in England reported
that the relative risk of cerebral thromboembolic attack for non-smo-
kers using OC to be 1.8 with an increase to 3.5 among women who
smoked< 15 cigarettes per day and an even more drastic increase to
20.8 among women who use OC's and smoke> 15 cigarettes/day
(Croft and Hannaford, 1989). Since the combination of OC use and
cigarette smoking increases risk for ischemic stroke and dementia, it is
likely that VCID risk is also increased, although this has yet to be ex-
amined.

5.3. Pregnancy

Pregnancy greatly modifies hormone production. In fact, there is a
variant of estrogen that is specific to pregnant women and their fetuses:
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estetrol. Human data on the effect of pregnancy on VCID, specifically, is
lacking; though one small study did find that pregnancy did not affect
the incidence of white matter lesions (Postma et al., 2014). This may be
due to the well described cerebrovascular adaptations that are known
to occur during pregnancy to maintain normal blood flow and vascular
function in the presence of increased cardiovascular demand (Cipolla,
2013). However, major findings were made public at AAIC 2018, in
which Dr. Gilsanz and colleagues showed that women with 3 or more
pregnancies were at 12% decreased risk for dementia. Further Dr. Fox
and colleagues demonstrated that greater number of months a woman
spent pregnant the lower her risk of AD (Alzheimer's_Association,
2018); however, previous studies have shown greater numbers of
pregnancies in AD patients compared to controls(Colucci et al., 2006).
Studies have also found positive associations between number of chil-
dren and neuropathy (Beeri et al., 2009), as well as increased risk of AD
only in those women who have greater than 5 pregnancies (Jang et al.,
2018). Thus, the effect of pregnancy on dementia risk may be a U-
shaped curve, with 3–4 pregnancies being protective, but more than 5
pregnancies being detrimental. Clinical data regarding effects of preg-
nancy specifically on VCID/VaD is sparse. Clearly, more work is
needed.

Preclinical data suggests that pregnancy might protect against VCID
and related dementias. Rodent models investigating the impact of
pregnancy on VCID risk factors offer compelling results that could, if
also true in humans, reveal how pregnancy affects health later in life.
Recently, Dr. McCullough and colleagues demonstrated that multi-
parous female mice had better functional outcomes after ischemic
stroke compared to nulliparous female mice, likely mediated by im-
munosuppression, as well as migration of fetal cells to the site of injury,
in multiparous mice (Ritzel et al., 2017). Middle-aged rats that had
pregnancies had lower blood pressure and better spatial memory than
those that had not (Cabrera-Pedraza et al., 2017). This research sup-
ports a beneficial effect of parity on the mother. Further, in a study
modeling VCID using spontaneously hypertensive rats, it was found that
a single previous pregnancy preserved spatial memory (Cabrera-
Pedraza et al., 2017). Despite these results suggesting a protective effect
of pregnancy on functional outcome, pregnancy does increase the risk
of both ischemic and hemorrhagic strokes, key VCID risk factors, par-
ticularly for those who experience vascular-related pregnancy compli-
cations such as preeclampsia/eclampsia (Tate and Bushnell, 2011), as
discussed below. Additional complicating factors include maternal age
(Morton et al., 2017) and inflammatory insults during pregnancy (Li
et al., 2016). Thus, the effect of pregnancy on VCID risk may depend on
the health of the mother during pregnancy, the number of pregnancies,
and the mother's age.

5.4. Preeclampsia/eclampsia

Chronic hypertension increases the risk of developing hypertensive
pregnancy disorders, like preeclampsia, which can be dangerous for
both the mother and fetus. Preeclampsia (PE), which is diagnosed by
high blood pressure and proteinuria, can further progress to eclampsia
(seizures) or HELLP syndrome. Evidence suggests that preeclampsia
causes changes in the brain (for review see (Ijomone et al., 2018)) and
may aggravate VCID pathology. One study found that women who had
eclampsia were 3.3-fold more likely to have white matter lesions than
women with normotensive pregnancies. Further, these lesions were
larger in the eclampsia group and lesion load positively correlated with
seizure frequency (Aukes et al., 2009). In an African population with
high rates of chronic hypertension, 48% of women with severe pre-
eclampsia had WMLs one year after delivering their babies. Additional
differences were observed in the rate of WML formation among the pre-
eclamptic women who had chronic hypertension versus those that were
not chronically hypertensive (Soma-Pillay et al., 2017). These two
studies reveal the relationship between hypertensive pregnancy dis-
orders and WML and prompt investigation into associated cognitive

effects.
A survey of women found that mothers who had gestational hy-

pertension (without proteinuria, which excludes PE) self-reported
cognitive impairment more often than women with non-hypertensive
pregnancies (Tuovinen et al., 2013). A meta-analysis on the effects of
PE on cognitive function had mixed results: while PE was associated
with self-reported cognitive impairment, some standardized cognitive
tests found differences in memory and some did not (Elharram et al.,
2018). Additionally, compared to women with non-hypertensive preg-
nancies, women who had hypertensive pregnancies performed worse on
tests of processing speed and had smaller brain volumes; these effects
were evident decades after giving birth (Mielke et al., 2016). Moreover,
a history of hypertensive pregnancy has been associated with a 5-fold
greater risk of stroke (Leffert et al., 2015). Considering that both stroke
and hypertension are risk factors for VCID, preeclampsia/eclampsia is
likely a sex-specific risk factor for VCID. Several studies have found no
association between hypertensive pregnancy and dementia (Andolf
et al., 2017; Nelander et al., 2016). However, one of these studies that
failed to find a correlation between hypertensive pregnancy and VaD
did find a large effect of hypertension + proteinuria on VaD risk
(Andolf et al., 2017). Considering the documented rise in the pre-
valence of severe PE in the United States, the connection between it and
VaD is important to explore (Ananth et al., 2013).

PE involves insufficient placental blood flow which initiates a cas-
cade of damaging events for the mother and the fetus. It is thought that
genetic factors, the immune response of the mother, and the mother's
vascular system can all contribute to the abnormal development of
placental vessels and disease (Logue et al., 2016). How PE influences
the long-term health of the mother is still under investigation. A rat
model of PE demonstrated impaired autoregulation (ability to maintain
blood pressure over a range of blood pressures) after the placental
blood flow was surgically reduced, accompanied by cerebral edema and
increased BBB permeability (Warrington et al., 2014). Impaired cere-
bral autoregulation has been observed in human patients who had
previously had PE (Janzarik et al., 2014), suggesting that changes to
cerebral autoregulation could persist after pregnancy.

One important contributor to changes in blood flow in women with
PE is the development of AngII type 1 receptor autoantibodies (AT1-
AA). Some studies have attributed long-lasting endothelial dysfunction
to persistent increases in sensitivity to AngII, at least in the peripheral
circulation (Stanhewicz et al., 2017). AT1-AA are increased in women
with PE and have been shown to make vascular smooth muscle more
responsive to AngII in rodents (Zhang et al., 2015). AT-AA's have even
been shown to induce a PE phenotype in pregnant mice (Zhou et al.,
2008). This effect is mediated via increased endothelin-1, a potent va-
soconstrictor (Zhou et al., 2011). While there are studies that support
the role of AT1-AA in human PE and hypertension (Liu et al., 2015),
studies have not investigated the potential link between AT1-AA and
cognitive function after PE in women or in animal models. However,
AT1-AA have been found to be increased in AD patients (Giil et al.,
2015); yet, their role in VCID is unexplored.

Inflammation is a proposed mechanism through which PE develops
(Logue et al., 2016). Systemic inflammation has been shown to trigger a
PE-phenotype in rats (Cotechini et al., 2014). Women with PE and
eclampsia have increased levels of inflammatory markers after (Hubel
et al., 2008) pregnancy. One study found that post-menopausal women
who had prior PE had higher levels of C-reactive protein, a marker of
systemic inflammation, 30 years later (Hubel et al., 2008). Additionally,
PE could contribute to vascular endothelial dysfunction and hyperten-
sion by raising endothelin-1 (Sharma et al., 2011). This study and
others demonstrate the long-lasting consequences of PE that could
contribute to risk of VCID.

5.5. Menopause

Most women spend 1/3 of their lives in a post-menopausal state.
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Menopause is defined as the cessation of menstruation for at least a
year. This process, usually occurring around 55 years of age, is ac-
companied by major hormonal changes that accelerate the develop-
ment of metabolic and cardiovascular diseases that are known mid-life
risk factors for later development of dementia (Heianza et al., 2013;
Kannel et al., 1976; Sutton-Tyrrell et al., 1998). For example, the earlier
a woman goes through menopause the higher her risk is for developing
diabetes(Muka et al., 2017), thus increasing her future risk for VCID.

While pre-menopausal women have reduced risk/severity of hy-
pertension (Fryar et al., 2017) and cardiovascular disease (Benjamin
et al., 2018) compared to age-matched men, women have increasing/
higher rates of obesity, type II diabetes, dyslipidemia, hypertension,
and other cardiovascular risk factors following menopause (Azad et al.,
2007; Cignarella et al., 2010; Wildman et al., 2008). Early natural
menopause also increases risk of stroke (Baba et al., 2010; Lisabeth
et al., 2009). Earlier age at menopause has also been found to predict
faster cognitive decline (Bove et al., 2014; Ryan et al., 2014). Like
natural menopause, dementia risk is also increased in women who have
hysterectomies, but only if the surgery occurs before natural meno-
pause(Imtiaz et al., 2014; Rocca et al., 2011), suggesting that the in-
creased risk is mediated by early loss of ovarian hormones.

The onset of menopause initiates a changing hormonal environ-
ment, impacting health independent of age. With the loss of ovarian E2
production, comes a loss of protection against VCID risk factors, which
will be discussed in the “hormone replacement” section below. Clinical
data supports a greater effect of endocrine aging over chronological
aging on brain pathology. Even after controlling for age, white and grey
matter volumes and brain glucose metabolism are lower in post-me-
nopausal women compared to pre-menopausal women (Mosconi et al.,
2017). Rodent studies provide some insight into additional underlying
mechanisms. One study using an ovariectomy menopause model, de-
monstrated metabolic changes such as loss of insulin sensitivity, in-
dependent of weight gain, as well as increased adipose tissue in-
flammation (Vieira Potter et al., 2012). Using a VCD model of
menopause, is has also been shown that menopause increases insulin
resistance and glucose intolerance, and that these effects can be pre-
vented by E2 replacement (Romero-Aleshire et al., 2009). Other studies
have also indicated increased levels of inflammation and altered im-
mune cell activity within postmenopausal women, including greater
leukocyte adherence to an endothelial monolayer (Abu-Taha et al.,
2009). In addition to these changes, menopause can contribute to di-
minished endothelial function (Moreau et al., 2012). These menopause
related changes, and others, may alter susceptibility to VCID and VCID
risk factors. More research is needed to evaluate the overlap between
age and menopause as VCID risk factors.

5.6. Hormone replacement therapy

HRT is prescribed to menopausal women to manage the side effects
of menopause, including vasomotor symptoms (e.g. hot flashes).
Numerous animal studies show E2 has a variety of protective effects on
the brain through its anti-oxidant, anti-inflammatory, vasodilatory, and
anti-apoptotic effects (Gulinello et al., 2006; Koellhoffer and
McCullough, 2013; Saldanha et al., 2009)) (see Fig. 2 for a summary). A
large meta-analysis showed that HRT also has beneficial cognitive ef-
fects in women (LeBlanc et al., 2001). Therefore, it was assumed that
HRT would protect against dementia. Observational studies and retro-
spective analyses also overwhelmingly supported the hypothesis that
HRT has protective effects to reduce cardiovascular disease and de-
mentia risk (Paganini-Hill and Henderson, 1994; Stampfer et al., 1985;
Tang et al., 1996; Wolf et al., 1991; Zandi et al., 2002). This work
prompted the Women's Health Initiative (WHI), the largest randomized,
double-blind, placebo controlled HRT trial at the time. The results of
the WHI, published in 2002, sent shock waves through the field with its
surprising negative results – HRT increased dementia risk 2-fold and
stroke risk 1.4-fold (Rossouw et al., 2002; Shumaker et al., 2003). It

also failed to preserve cognitive function (Rapp et al., 2003). HRT use
plummeted and the research community scrambled to try and make
sense of these findings. One limitation of the 2002 WHI study was that
it was performed exclusively among healthy postmenopausal women
with the average age of participants being 65. The average onset age of
menopause is much earlier ranging from late 40s-early 50s. Re-analysis
of the WHI results and many landmark preclinical studies highlighted
the importance of this age gap and offered support for the “timing
hypothesis” first described in 2000 by Mader and Sano. The “timing
hypothesis” (Marder and Sano, 2000), was based on several smaller
trials of HRT and AD risk, suggests that HRT is beneficial only if given
soon after menopause. Re-analysis of the WHI found that HRT (con-
jugated equine estrogens) had cardioprotective effects and decreased
all-cause death in women who received HRT soon after menopause
began. Conversely, women who were>70 years when they began HRT
(> 10yrs post-menopause) had increased risk of cardiovascular disease
and death during the intervention period, although this risk dissipated
over time (LaCroix et al., 2011).

This “timing hypothesis” was replicated in rodent studies which
showed that immediate E2 therapy after ovariectomy is protective
against ischemic brain injury but delayed E2 was not (Suzuki et al.,
2007a). Mechanisms underlying this “timing” effect were explored and
it was found that one key effect may be the inflammatory response. It
was found that immediate E2 reduced inflammation while delayed E2
did not (Suzuki et al., 2007a). Other studies also showed that the
benefits of HRT on vascular inflammation (Miller et al., 2007b), oxi-
dative stress (Lopez-Grueso et al., 2014),and stroke protection (Leon
et al., 2012; Selvamani and Sohrabji, 2010) are dependent on the
timing of administration in regards to menopausal status. In an animal
model investigating stroke, authors found that E2 treatment did not
cause increased estrogen receptor expression in older mice but did in
younger mice (Cai et al., 2014), suggesting E2 was ineffective at pro-
viding neuroprotection in the aged animals due to reduced availability
of receptors. In additional studies, authors compared the effects of E2
replacement when it was initiated at different times in relation to
ovariectomy: immediately, after 3, 6, or 9 weeks. Immediate E2 re-
placement improved brain glucose uptake and reduced oxidative stress;
however, benefits of E2 were lost when HRT was delayed. The authors
believe that this could be due to changes in the estrogen receptor alpha
to estrogen receptor beta ratio. This ratio increased with ovariectomy
but was rescued with simultaneous E2 replacement. Their results sup-
port that long-term E2 deprivation can lead to changes that make the
body less susceptible to the beneficial effects of E2 replacement (Lopez-
Grueso et al., 2014). Reproductive history may also alter the efficacy of
HRT. One study found that multiparous rats had increased hippocampal
neurogenesis in response to E2 but rats who had never had pups did not
have any benefits of the E2 treatment (Barha and Galea, 2011). Further
studies are needed to determine if the new cells would contribute to
cognitive function. Thus, in animal models the timing of HRT influences
outcome, similar to clinical findings.

Further clinical trials supported the “timing hypothesis” and
brought new understanding that formulation, dose, and length of
treatment may also be key. The KEEPS trial, which enrolled women
soon after menopause (< 3 years) tested two formulations of HRT –
conjugated equine estrogens (used in the WHI) and E2 (used in the
majority of preclinical studies that showed protection). This trial found
no harm or benefit for dementia risk (Gleason et al., 2015); however,
the follow up was only 4yrs, possibly making the women too young to
adequately assess dementia risk. Interestingly, when they assessed E2
levels in these women, they found the conjugated equine estrogens
actually increased estrone levels (another form of estrogen) rather than
E2 levels. Further, they found that the dose of E2 used in the study only
raised plasma E2 levels to ∼50 pg/ml, which is low compared to what
pre-menopausal women experience over the course of the month as
their E2 levels fluctuate from ∼30 to 400 pg/ml depending on the
phase of the menstrual cycle. A second trial, the ELITE-Cog trial, also
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tested the “timing hypothesis” by enrolling women who were<5 years
from menopause and> 10 years from menopause. This trial used only
E2 and again found cardiovascular benefit in the younger group (Hodis
et al., 2016) but no cognitive harm or benefit (Henderson et al., 2016).
As with the previous trial, the follow-up time was short (2.5yrs) and
thus was likely not long enough to adequately assess dementia. In
support of the length of follow-up being important, long-term ob-
servational studies continue to show a benefit of HRT for dementia
(Henderson et al., 2005; Imtiaz et al., 2017; Shao et al., 2012; Whitmer
et al., 2011). For example, recent results of the 20-year observational
OSTPRE study of over 8000 women showed that HRT cut AD risk in half
but only for those who had taken HRT for 10 + years. When HRT was
broken down into formulations, it was found that E2 specifically re-
duced AD risk by 70%. Importantly, in this study the average age of
HRT onset was only 52 years of age, compared to 65 years of age in the
WHI (Imtiaz et al., 2017). Finally, a recent pooled analysis from po-
pulation-based cohort studies including nearly 90,000 postmenopausal
women found that initiation of HRT less than 5 years after menopause is
associated with decreased risk of overall stroke, and hemorrhagic stroke
specifically. Contrastingly, later initiation of CEE therapy was asso-
ciated with increased risk of stroke overall and hemorrhagic stroke
specifically, while later initiation of combined estrogen and proges-
terone HRT is associated only with a higher risk of hemorrhagic stroke
(Carrasquilla et al., 2017). For detailed reviews on the cognitive and
cardiovascular effects of HRT please see reviews by Maki (2013) and
Miller (Miller and Harman, 2017), respectively. Given the large benefits
reported in observational studies, clinical trials with early initiation of
HRT and long follow up times are needed, but will be extremely costly.
Currently, due to lack of positive effects in clinical trials, HRT is not
recommended for preservation of cognitive function or reduction of
dementia risk.

Regarding VCID specifically, very little is known about the effect of
HRT, but the results of the few published studies look promising. A
recent study found that prolonged HRT (> 5yrs of treatment) decreased
the risk of death due to VaD by 39%, an effect that was larger than the
15% reduction in risk of death from AD (Mikkola et al., 2017). While E2

has been shown to protect against cognitive impairment in a young
male rats in a rodent model of VCID (Zhu et al., 2017), this has not been
tested in females. However, one study did find that a phytoestrogen
improved both vascular and cognitive function in high fat diet fed
ovariectomized female rats (Verma and Sharma, 2015). Clearly, more
research is needed to determine the effects of HRT on VCID.

6. Conclusion

While males overall appear to be at a slightly higher risk for VCID
throughout most of the lifespan, some risk factors for VCID more ad-
versely affect women. These include female specific risk factors asso-
ciated with pregnancy related disorders (e.g. preeclampsia), meno-
pause, and poorly timed HRT. However, several female-specific factors
may also provide protection, including healthy pregnancies and po-
tentially HRT given soon after menopause, although more evidence is
needed before this can be recommended. Further, presence of co-
morbid risk factors, such as diabetes, obesity and hypertension, also
may more adversely affect women than men. In contrast, some risk
factors more greatly affect men, such as hyperlipidemia and myocardial
infarction. Further, stroke, one of the leading risk factors for VCID, has
a higher incidence in men than in women throughout much of the
lifespan (Ahnstedt et al., 2016). A list of animal models that have been
used to assess sex differences in these risk factors is shown in Table 1.
Further, a summary of mechanisms by which each of these risk factors
contributes to VCID pathology is shown in Fig. 3. Taken together, the
sex differences in risk factors highlight the need to take common co-
morbidities for VCID (e.g. menopause, diabetes, hypertension) into
account in both preclinical and clinical research. Importantly, re-
searchers should consider these sex differences in risk factors and
etiology when developing and testing novel therapeutics for VCID and
related dementias.
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Fig. 2. Effects of estrogen on VCID risk factors.
Estrogen has been shown to have a variety of pro-
tective effects on vascular and metabolic risk factors
by enhancing vasodilation, neurogenesis, insulin and
leptin sensitivity, and reducing inflammation and
oxidative stress. However, when hormone replace-
ment therapy is delayed (> 10 years post-meno-
pause) some of these protective effects are lost (see
Fig. 3).
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Table 1
Examples of animal models that have been used to assess sex differences in VCID risk factors. For each risk factor an example of animal models and findings is
presented. BBB, blood brain barrier; E2, estradiol; MCAO, middle cerebral artery occlusion; SHR, spontaneously hypertensive rat; STZ, Streptozotocin.

VCID Risk Factor Animal Model Sex Difference/Effect References for Sex Differences in VCID

Stroke Middle cerebral artery
occlusion (MCAO)

Infarct size
> young ♂ vs. ♀ (loss of ♀
protection in aged rodents)

Alkayed et al., 1998 and 2000; Faber et al., 2017; Liu et al., 2009b;
Manwani et al., 2013; McCullough et al., 2005; Zhang et al., 2009 and
2010

Hypertension Spontaneously hypertensive
rats (SHR)

Memory impairment
>♀ vs. ♂

Grunblatt et al., 2015

Aldosterone/NaCl Blood pressure
>♂ vs. ♀

Xue et al., 2009a

Angiotensin II E2 ↓ blood pressure Pollow et al., 2015 (♀); Xue et al., 2008 (♂)
Metabolic Disease High fat diet Glucose intolerance

> young ♂ vs. ♀
>middle-aged ♀ vs. ♂

Salinero et al., 2018

High fat diet + low dose STZ
+ MCAO

Infarct size
>♀ vs. ♂
>♀ vs. ♂

Li et al, 2017a,b

db/db mice + carotid ligation
+ hypoxia

Infarct size
>♂ vs. ♂

Vannucci et al., 2001

KKAy mice + MCAO Infarct size
>♀ vs. ♂

Sakata et al., 2011

Pregnancy Multiparous SHR rats Parity ↑ memory, ↓ blood pressure Cabrera-Pedraza et al., 2017
Multiparous + MCAO Parity ↑ functional outcome Ritzel et al., 2017

Preeclampsia Placental ischemia ↓ cerebral autoregulation, BBB
function, ↑ edema

Warrington et al., 2014

Menopause Ovariectomy ↑ insulin resistance, inflammation Vieira Potter et al., 2012

Ovariectomy + MCAO ↑ infarct size Alkayed et al., 1998; Liu et al., 2009b; McCullough et al., 2005; Zhang
et al., 2010; Zhang et al., 2009

4-vinylcylohexene diepoxide
(VCD)

↑ insulin resistance, glucose
intolerance

Romero-Aleshire et al., 2009

Hormone Replacement
Therapy

Immediate vs. delayed E2
replacement

Immediate E2 =
↓ inflammation, ↓ oxidative stress,
↓ infarct size

Alkayed et al., 1998 and 2000; Liu et al., 2009b; Lopez-Grueso et al., 2014;
Leon et al., 2012; McCullough et al., 2005; Miller et al., 2007b; Sakata
et al., 2011; Selvamani and Sohrabji, 2010; Suzuki et al., 2007a; Zhang
et al., 2010

Delayed E2 protective effects are
lost

Lopez-Grueso et al., 2014; Leon et al., 2012; Miller et al., 2007b;
Selvamani and Sohrabji, 2010; Suzuki et al., 2007a

Fig. 3. Mechanisms by which VCID risk factors contribute to VCID pathology. Some of the most common mechanisms by which risk factors increase VCID pathology
include inflammation, oxidative stress, increased risk of stroke, impaired vasodilation, and white matter lesions (WMLs).
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