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Stroke and the female brain
Cheryl D Bushnell

INTRODUCTION
Each year, around 700,000 Americans experi-
ence a stroke, incurring a total estimated annual 
cost of $58 billion.1 Stroke is the third leading 
cause of death in most countries, and is one of the 
leading causes of long-term disability.1 Women 
have a higher lifetime risk of stroke than men 
(1 in 5 vs 1 in 6), a statistic that is influenced in 
part by the longer life expectancy in women.2 
The female population not only carries a higher 
burden of stroke during their lifespan—women 
also account for the majority of stroke deaths.1 
Men typically have a higher incidence of stroke 
than women up to the age of 75 years, when 
the incidence in women becomes higher.1 New 
data, however, indicate that the incidence of 
stroke in women in the mid-life years might be 
increasing. Data from a cohort that was studied 
from 1999 to 2004 indicated that women aged 
45–54 years were around twice as likely to have 
a stroke as men of the same age.3 One potential 
explanation for this finding is that women in this 
age stratum are transitioning to menopause, a 
time when cardiovascular risk factors appear or 
existing risk factors worsen.4 The incidence of 
stroke in women might, therefore, be increasing 
because stroke risk factors go unrecognized or are 
inadequately treated. Given this surge in stroke 
prevalence in mid-life women, and the likeli-
hood that stroke risk will continue to increase as 
women age, from a public health perspective it is 
critically important to focus research efforts on 
understanding stroke in women. The purpose of 
this Review is to further elucidate sex differences 
in stroke, to describe the unique risks and benefits 
of estrogens on the female brain, and to propose 
future directions of research that might find ways 
to decrease the burden of stroke in women.

SEX DIFFERENCES IN STROKE 
Risk factors
Cohort studies published over the past decade 
have clearly and consistently documented that 
men and women with stroke have different 
characteristics (Table 1). The women were older 
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and more likely to have atrial fibrillation and 
hypertension, for example, whereas the men 
were more likely to have coronary artery disease 
and to smoke cigarettes.5–8 Taken together, these 
studies show that overall, with the exception of 
diabetes, men and women have different risk 
factor profiles for stroke (Table 1).

The fact that women tend to be older than 
men at the time of stroke onset might explain 
the greater presence in females of risk factors 
that increase with age, such as atrial fibrillation 
and hypertension, but there are also sex differ-
ences in cardiovascular risk profiles throughout 
the decades of mid-life. Specifically, National 
Health and Nutrition Examination Survey 
(NHANES) data from 1999 to 2004 described 
not only a surge of stroke incidence in mid-
life women, but also a substantial increase in 
blood pressure, such that by 55–64 years of 
age, women had a significantly higher average 

blood pressure than men.3 In addition, total 
cholesterol levels in women increased with 
each decade, whereas cholesterol levels in men 
tended to remain stable. By 55–64 years of age, 
women had higher average cholesterol levels 
than men.3 Although elevated cholesterol has 
typically been a weak risk factor for ischemic 
stroke of all types, it is a notable risk factor 
for carotid disease. These data indicate that, 
although stroke is traditionally considered to 
be a disease of the elderly, especially in women, 
there should be a new focus on stroke risk factor 
recognition and management in women during 
the mid-life decades between 35 and 64 years 
of age. 

The metabolic syndrome represents a cluster 
of risk factors that are important for future 
vascular risk, and accumulating evidence indi-
cates that these components differ between 
men and women. Among individuals who fit 

Table 1 Summary of sex differences in stroke incidence, risk factors, treatment, and subtype.

Parameter Men Women

Stroke rate

Incidence (rate per 1,000 person-years, 1990–2004)87 5.3 5.1

Lifetime risk2 16.7% 20.0%

2-year recurrence of stroke with intracranial stenosis20  

(proportion of patients)
16.6% 28.0%

Risk profile of stroke patients5–8, 27 (proportion of patients)

Mean age 70.3 years 75.1 years

Atrial fibrillation 14.5% 20.0%

Hypertension 46.3% 51.4%

Diabetes 22.7% 21.6%

Smoking 36.5% 12.8%

Heart disease 15.7% 10.9%

Risk of event during stroke primary prevention with aspirin (odds ratio [95% CI])

Myocardial infarction 0.68 (0.54–0.86) 1.01 (0.84–1.21)

Stroke19 1.00 (0.72–1.41) 0.76 (0.63–0.93)

Acute stroke thrombolysis (proportion of patients)

Good outcome (mRS ≤1) with intravenous tPA 38.5% 40.5%

Good outcome (mRS ≤1) without intravenous tPA21 36.7% 30.3%

Major neurological improvement 24 hrs after intravenous tPA23 44.0% 64.0%

Ischemic stroke subtype (rate per 100,000 [95% CI])88

Cardioembolic 26.2 (19.5–34.4) 44.5 (35.9–54.7)

Large-vessel 22.6 (16.4–30.3) 13.1 (8.6–18.9)

Small-vessel 32.9 (25.3–42.1) 27.1 (20.5–35.2)

Abbreviations: mRS, modified Rankin score; tPA, tissue plasminogen activator.
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the criteria for the metabolic syndrome, women 
tend to have higher body weight and waist girth, 
and lower HDL cholesterol, whereas men tend 
to have higher systolic and diastolic blood pres-
sure.9 The vascular risk associated with indi-
vidual components of the metabolic syndrome 
also differs between the sexes. The Diabetes in 
Germany study showed that the combination 
of diabetes, hypertension and low HDL choles-
terol was associated with an 11-fold increase in 
atherosclerotic disease (history of myocardial 
infarction, coronary revascularization or stroke, 
or a combination of these factors) in women, 
whereas men with this cluster of conditions had a 
fourfold increase in this outcome.10 In addition, 
the effect of the metabolic syndrome on early 
atherosclerosis, as demonstrated by increased 
carotid intima–media thickness (IMT), is more 
evident in women than in men.11 It is impor-
tant to acknowledge this disparity because 
carotid IMT can provide an estimate of 10-year 
cardiovascular risk, including stroke.12 Taken 
together, these data indicate that women with 
the metabolic syndrome have a higher likelihood 
of subclinical and clinical atherosclerosis than 
men who have the condition, and would benefit 
from early targeted prevention strategies.

Atrial fibrillation is a major risk factor for 
stroke, and, among individuals over the age 
of 59 years, its prevalence is higher in women 
than in men.13 In a registry study of first-ever 
ischemic stroke patients in Italy, women were 
1.6 times more likely to have atrial fibrillation 
than men (95% CI 1.34–1.83).13 There are also 
sex differences related to the risk of thrombo
embolism and bleeding complications. In a 
comprehensive analysis of the Stroke Prevention 
in Atrial Fibrillation (SPAF) I–III trials, female 
sex was one of the independent risk factors 
associated with stroke in individuals with 
atrial fibrillation who were randomly assigned 
aspirin.14 In a separate study of patients with 
new-onset atrial fibrillation, women were over 
three times more likely to have a major bleeding 
complication on warfarin than men.15 It is 
important to consider these gender effects when 
assessing the overall sex differences in ischemic 
stroke outcomes, because women are more likely 
than men to have atrial fibrillation over the age 
of 60 years, women with atrial fibrillation are at 
least 60% more likely than men to have a stroke, 
and, in general, strokes that occur because of 
atrial fibrillation are more severe than those 
related to other etiologies.16

Response to prevention therapy
Aspirin is one of the most commonly used and 
effective antithrombotic therapies for stroke 
prevention in both men and women.17,18 For 
primary prevention of stroke, however, women 
and men seem to show different cardiovascular 
profiles for aspirin benefits. A sex-specific meta-
analysis of data from over 50,000 women and over 
40,000 men enrolled in randomized controlled 
trials of aspirin for primary prevention reported 
that, with regard to overall cardiovascular events, 
both sexes benefited from treatment (12% reduc-
tion in cardiovascular events in women vs 14% 
reduction in men).19 The overall reduction with 
aspirin in women was, however, primarily attribu
table to a 17% reduction in stroke events and 
no significant effect on myocardial infarction 
events, whereas in men, the overall reduction was 
primarily related to a 32% reduction in myocardial 
infarction events and no significant reduction in 
stroke events (Table 1).19 One explanation for this 
result is that the overall number of events was low 
in these primary prevention trials. Also, there were 
more stroke events in women and more myocardial 
infarction events in men, thereby limiting the eval-
uation of effect on low-frequency events in each 
group. Despite the apparent differential effect of 
aspirin on particular types of vascular events in 
men and women, the overall cardiovascular benefit 
was similar.19 Further research on potential sex 
differences in the response to primary prevention 
therapy is clearly needed.

Substantial sex differences in response to 
secondary prevention of symptomatic intra
cranial disease have also recently been recognized. 
The Warfarin–Aspirin Symptomatic Intracranial 
Disease (WASID) study enrolled 350 men and 
219 women with stroke (mean age of both groups 
approximately 63 years).20 There were baseline 
differences by sex, such that the women were 
more likely than the men to be African American 
(38% vs 26%), whereas the men were more likely 
to be white (63% vs 51%). The women were also 
more likely than the men to be widowed, sepa-
rated or divorced, or living alone. The primary 
end point for this analysis was brain hemorrhage, 
recurrent ischemic stroke, or death from vascular 
causes other than stroke. Strikingly, the event rate 
was 28% for women and 16.6% for men over the 
2 years of follow-up. The adjusted hazard ratio 
for ischemic stroke was 1.85 (95% CI 1.14– 
3.01) for women, even after accounting for base-
line differences between the women and the 
men.20 This analysis reinforces the hypothesis 
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that women carry a substantial proportion of the 
burden of stroke. In the absence of effective thera-
pies for intracranial disease, primary prevention 
of risk factors should be the top priority.

Response to treatment 
Recent studies have indicated that men and 
women respond differently to acute stroke treat-
ment with thrombolysis. For example, a pooled 
analysis of individuals from three trials in which 
acute stroke was treated with tissue plasminogen 
activator (tPA) showed that women had a better 
outcome at 90 days (good outcome defined as a 
modified Rankin Score ≤1) after tPA treatment 
compared with the placebo group than did men 
(Table 1).21 Adjusting for the time between 
stroke symptom onset and treatment did not 
appreciably change the results. One interpreta-
tion of these results is that women treated with 
placebo had significantly worse outcome at 
90 days than men receiving placebo, indicating 
that women who are not treated with tPA have 
a poor outlook. Similarly, a randomized trial of 
intra-arterial urokinase for middle cerebral artery 
occlusions found that women showed greater 
benefits from recanalization than did men.22 
An observational study in Canada of consecu-
tive stroke patients treated with intravenous tPA 
confirmed that female sex was associated with 
major neurological improvement.23 In this study, 
women were 2.4 times more likely than men to 
have an NIH Stroke Scale (NIHSS) score of 0 or 
1 or an improvement of ≥8 points on the NIHSS 
in the first 24 hours after stroke (odds ratio [OR] 
2.40, 95% CI 1.12–5.14).23

Not all studies have shown a significant sex-
related difference in response to acute stroke 
treatment. For example, a secondary analysis 
of a clinical trial that was originally designed to 
test the efficacy of a potential neuroprotectant 
therapy showed that intravenous tPA did not 
reverse the tendency for women to have worse 
outcomes than men.24 Rapid improvement in 
response to tPA in the first hour of treatment 
was, however, an exclusion criterion for partici-
pation in the neuroprotectant trial, which 
might explain the negative findings. In addi-
tion, an observational study of consecutive 
patients treated with intra-arterial thrombolysis 
failed to demonstrate a significant difference in 
outcomes on the basis of sex.25 Further studies 
will be required to determine whether there are 
sex differences in the response to acute stroke 
treatments of all types.

Outcomes
In general, women have worse outcomes after 
stroke than men. Of all stroke deaths, 61% occur 
in women.1 Among individuals who survive 
stroke, women are more likely than men to be 
institutionalized,5,6,8,26,27 and they tend to have 
worse prestroke and poststroke disability.5,7,8,27 
In a study of functional outcomes after stroke 
in Norway, men were three times more likely 
to achieve a high score on the Barthel Index 
(an activities of daily living scale) than women, 
and women were six times more likely to be 
institutionalized at 1 year than men.28 Women 
are also twice as likely as men to develop  
poststroke depression.29

In addition, there are race–ethnic differences in 
outcomes after stroke. For example, in the National 
Institute for Neurological Disorders and Stroke 
(NINDS) tPA trial, African American women had 
the highest 1-year mortality when compared with 
white men, white women and African American 
men.30 It might, therefore, be inappropriate to 
generalize outcomes to all women if only one 
race–ethnic group is represented.

The reasons for poor outcomes after stroke in 
women are likely to be multifactorial. Women 
might be older at the time of stroke than are 
men, and, therefore, more likely to have prestroke 
disabilities and comorbidities.5,6,8,27 Women 
might also lack social support because they are 
widowed and living alone at the time of the 
stroke, creating delays in presentation for effec-
tive therapies such as tPA. One study has shown 
that on arrival at the hospital, diagnostic tests 
such as echocardiograms and carotid evaluations 
are less likely to be ordered for women than for 
men, and important etiological information  
might, therefore, be missed.31

Another explanation for worse outcomes in 
women than men might be related to anatomical 
and cerebrovascular mechanisms. There 
are recognized differences in the anatomical 
organization of brain functions in men and 
women. For instance, the representation of 
language is more bilateral in women than in 
men.32 Most studies have not shown sex differ-
ences in the incidence of aphasia,33 although 
one study reported that women were more 
likely than men to present with aphasia as a 
symptom of stroke.7 This effect might be more 
closely related to the site and the type of stroke 
than to sex,33 as women are more likely to have 
atrial fibrillation and cardioembolic stroke. One  
cerebrovascular mechanism that could affect 
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recovery is vasomotor reserve—the capacity of 
the brain to maintain adequate cerebral blood 
flow, particularly distal to a narrowed vessel. It 
has been shown that poor vasomotor reserve is 
associated with a substantial risk of stroke in 
the setting of severe carotid stenosis.34 There 
is a paucity of data regarding sex differences in 
vasomotor reserve, but one study showed that 
postmenopausal women had reduced vaso-
motor reserve compared with premenopausal 
women and age-matched men.35 A reduc-
tion in collateral blood flow to the ischemic 
penumbra might, therefore, influence recovery 
and outcome after stroke. No rigorous study of 
sex differences in vasomotor reserve in relation 
to stroke recovery has been published yet.

There might also be sex differences within the 
microenvironment of the neurovascular unit 
(NVU), a conceptual model of the interactions 
and signaling among neurons, endothelial cells 
and glia.36,37 Examining the interactions within 
this microenvironment could help to explain 
the differences between women and men with 
regard to responses to vascular stress, and to 
acute stroke treatments and their complica-
tions (e.g. hemorrhagic transformation), and 
with regard to recovery of function after stroke. 
Investigation of the effects of exogenous and 
endogenous estrogen on the NVU should 
provide insight into the sex differences observed 
in humans with stroke. 

ENDOGENOUS HORMONES AND 
CEREBROVASCULAR DISEASE
Menstrual cycle
The menstrual cycle in the human female reflects 
changing levels of estradiol during ovulatory 
and nonovulatory phases. Estradiol has potent 
vasodilatory effects on the endothelium; for 
example, brachial artery flow-mediated dilation 
in response to hyperemia has been shown to 
positively correlate with the levels of estra-
diol throughout the menstrual cycle in young 
healthy women.38 Similarly, cerebral blood flow 
velocities and vasomotor reactivity, as measured 
with transcranial Doppler (TCD) ultrasound, 
vary in response to physiologic levels of estra-
diol. Diomedi et al. studied TCD velocities 
and vasomotor reactivity (measured using the 
breath-holding index) during the menstrual 
and ovulatory phases of the menstrual cycle in 
healthy women.39 Compared with the menstrual 
phase, there was an increased vasodilatory 
response to hypercapnia during ovulation, which 

corresponds to the highest levels of estradiol. 
Consistent with the estradiol effect, there was no 
difference in cerebrovascular reactivity between 
women in the menstrual phase of the cycle and 
age-matched healthy men.39

A relationship between supraphysiologic estra-
diol levels and cerebral hemodynamics has been 
demonstrated in women undergoing controlled 
ovarian hyperstimulation.40 Compared with 
the period of lowest estradiol levels that occur 
after leuprolide acetate administration, the peak 
estradiol levels resulting from human meno-
pausal gonadotropin treatment corresponded 
to a significantly higher pulsatility index in the 
bilateral middle cerebral arteries. There was 
a significant correlation between the middle 
cerebral artery velocities and the natural log of 
estradiol levels (r = 0.93; P <0.0001). Physiologic 
and supraphysiologic levels of estradiol might, 
therefore, have substantial influences on cerebral 
hemodynamics in young childbearing women. 
Owing to the small numbers of individuals 
studied, however, the relationship between these 
blood flow studies and stroke risk is uncertain. 

Pregnancy
Pregnancy represents a state when endogenous 
estrogen levels are continuously elevated, drop-
ping precipitously in the first few days post-
partum. Interestingly, most cerebrovascular 
complications occur at delivery or postpartum. 
For example, one study showed that the risk of 
ischemic stroke or intracerebral hemorrhage 
(ICH) during the 6 weeks after delivery was more 
than 12 times that in nonpregnant women, but 
there was no significant risk of either type of 
event throughout the rest of pregnancy.41 Another 
study, from Sweden, reported that most venous 
or arterial events actually occurred in the period 
from 2 days before to 1 day after delivery.42 As a 
result of natural selection against fatal hemor-
rhage at delivery, pregnancy represents a relative 
hypercoagulable state, which might explain the 
increased risk of thromboembolic complications. 
This fact does not, however, explain the increased 
risk of ICH, which occurs almost exclusively 
postpartum.43 The reasons for the postpartum 
predilection for both ischemic stroke and ICH are 
poorly understood, but it has been proposed that 
a large decrease in blood volume, rapid fluctua-
tions in hormone levels, or vessel wall changes, can 
profoundly influence cerebral hemodynamics.41

The causes of stroke during pregnancy or the 
puerperium are multiple and heterogeneous.41,44  
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Although many causes (such as cervical artery 
dissection) cannot be anticipated before the 
event, several predictive risk factors have been 
identified in multiple cohorts (Table 2). These 
include maternal age greater than 35 years, 
African American race, migraine headaches, 
thrombophilia, systemic lupus erythematosus, 
sickle cell disease, pre-eclampsia–eclampsia, 
pre-existing hypertension, and heart disease.45 
Of these risk factors, pre-eclampsia—one of the 
hypertensive disorders of pregnancy—could be 
the most important because it increases the risk of 
multiple types of cerebrovascular complications. 
Pregnant women with pre-eclampsia–eclampsia  
were shown have a more than tenfold higher 
risk of pregnancy-related ICH compared with 

women without pre-eclampsia–eclampsia.43 
Pre-eclampsia–eclampsia has also been asso
ciated with vasculopathies that lead to vaso-
genic edema, or to vasoconstriction syndromes 
that can result in ischemic stroke.46,47 Women 
with pre-eclampsia have higher pulse wave velo
cities in peripheral arteries, indicating arterial 
stiffness.48,49 In addition, cerebral blood flow 
velocities measured with TCD by Demarin 
and colleagues were significantly elevated 
throughout the third trimester in women with 
pre-eclampsia compared with age-matched 
controls, and normalization of velocities 
occurred 2 months postpartum.50 The routine 
use of TCD monitoring in women at high risk 
for pre-eclampsia might predict not only the 

Table 2 Incidence of stroke during pregnancy from studies published since 1995. 

Reference Data source Stroke cases Stroke incidence 
and type (per 
100,000 deliveries) 

Causes and risk factors

Sharshar et al. 
(1995)44

Hospital records, Île de 
France, France

31 per 348,295 
pregnant 
women

Non-ICH: 4.3 
ICH: 4.6

Eclampsia; AVM; cervical artery dissection; 
postpartum angiopathy; protein S deficiency; 
disseminated intravascular coagulation

Jaigobin and 
Silver (2000)89

Hospital records, Toronto, 
Canada

34 per 50,711 
pregnant 
women

All: 26 
Infarction: 18
ICH: 8

Coagulopathy; pre-eclampsia; smoking; 
hypertension; AVM; disseminated intravascular 
coagulation; aneurysm

Kittner et al. 
(1996)41

Baltimore–Washington 
Cooperative Young Stroke 
Study hospital records 

31 per 234,023 
pregnant 
women

All: 8.1 Pre-eclampsia; CNS vasculopathy; dissection; 
thrombotic thrombocytopenic purpura; cortical 
vein thrombosis; vasculitis; AVM; cocaine

Ros et al. 
(2001)42

Nationwide inpatient 
register, Sweden  
(1987–1995)

144 per 
1,003,489 
deliveries 

Infarction: 4.0 
ICH: 3.8 
Subarachnoid 
hemorrhage: 2.4

Maternal age >35 years; parity ≥4; time period 
2 days before to 1 day after delivery

Lanska and 
Kryscio (1998)90

National Hospital Discharge 
Survey, US (1979–1991)

8,918 per 
50,264,631 
deliveries

Stroke: 17.7 Age 35–44 years; hypertension

Lanska and 
Kryscio (2000)91

Nationwide Inpatient 
Sample releases 2 and 3, 
US 

183 per 
1,408,015 
deliveries

Stroke: 13 Age 35–44 years; hypertension; cesarean delivery; 
fluid–electrolyte, acid–base disorder; rheumatic 
fever, possibly leading to valvular heart disease; 
pneumonia; vomiting

Jeng et al. 
(2004)92

National Taiwan University 
Hospital young stroke 
registry medical records, 
Taipei, Taiwan

49 per 49,796 
deliveries

Infarction: 8 
ICH: 9 
Subarachnoid 
hemorrhage: 1

Hypertension; cardiac disease; 
hypercholesterolemia; pre-eclampsia; AVM; 
aneurysm; coagulopathy

James et al. 
(2005)45

Nationwide Inpatient 
Sample, US (2000–2001)

2,850 per 
8,322,799 
deliveries

Stroke: 34 Maternal age >35 years; African American race; 
hypertension; heart disease; thrombophilia; 
sickle cell disease; anemia; thrombocytopenia; 
systemic lupus erythematosus; diabetes; 
migraine headaches; alcohol or substance abuse; 
smoking; pre-eclampsia; postpartum hemorrhage; 
transfusion; postpartum infection; fluid–electrolyte 
imbalance

Bateman et al. 
(2006)43

Nationwide Inpatient 
Sample, US (1993–2002)

423 per 
6,969,553 
deliveries

ICH: 6.1 Maternal age >35 years; African American 
race; hypertension; pre-eclampsia–eclampsia; 
coagulopathy; tobacco abuse

Abbreviations: AVM, arteriovenous malformation; ICH, intracerebral hemorrhage.
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severity of pre-eclampsia, but also the risk of 
cerebrovascular complications.50 Beyond preg-
nancy, pre-eclampsia also increases the risk 
of chronic hypertension, as well as stroke and 
cardiovascular disease later in life.51–55

Menopause
Estradiol levels decrease during natural meno-
pause, and then decline further following  
menopause until reaching a plateau after 1–3 years.  
Compared with the decline in estradiol, testos-
terone levels decrease more gradually during 
this transition, leading to a relative androgen 
excess.56 These changes are important because 
androgens and estrogens have opposite effects 
on vascular risk. Estradiol improves vasodilation 
and arterial compliance by decreasing vascular 
tone, thus increasing cerebral blood flow.57 
Estrogens protect cerebral endothelial cells by 
increasing the efficiency of mitochondrial energy 
production while decreasing free radical produc-
tion and enhancing endothelial cell survival.57 
Other beneficial effects of estrogens include 
anti-inflammatory and antioxidant actions, and 
the improvement of atherogenic lipid profiles 
by lowering total and LDL cholesterol, and 
lipoprotein(a), and raising HDL cholesterol.58,59 
Conversely, androgens have a detrimental effect 
on cerebral blood vessels by increasing arterial 
tone, decreasing levels of HDL to cause a pro-
atherogenic profile, and increasing levels of 
triglycerides and LDL and total cholesterol.56,57 

In view of the physiological changes that result 
from estradiol depletion and relative androgen 
excess, it is not surprising that women develop 
changes in cardiovascular risk factors during 
menopause. In the Healthy Women Study, post-
menopausal women had significantly higher LDL 
cholesterol and triglycerides, lower HDL choles-
terol, and higher fasting glucose and blood pres-
sure, compared with premenopausal women.4 
Along with the change in body fat distribution 
towards abdominal obesity, the lipid, blood 
pressure and glucose profiles in postmenopausal 
women are consistent with those seen in the 
metabolic syndrome.60 There is also evidence 
of an increase in subclinical disease between the 
premenopausal and postmenopausal states, as 
indicated by carotid atherosclerosis (measured 
by carotid IMT).61 Vasomotor reactivity declines 
markedly in postmenopausal women compared 
with age-matched men and premenopausal 
women.35 The cumulative effect of the increase 
in cardiovascular risk seen in postmenopausal 

women was recently demonstrated in an analysis 
of the NHANES data.3 This analysis revealed 
that women show a substantially larger increase 
in stroke prevalence with advancing age than 
do men, as well as a greater relative increase 
in blood pressure and cholesterol. These data 
emphasize the importance of targeting women 
who are transitioning through menopause for 
risk factor recognition and management. 

EXOGENOUS HORMONES  
AND CEREBROVASCULAR DISEASES
Exogenous hormones have been used for 
contraception and postmenopausal hormone 
replacement for over 40 years. The risk of 
cerebrovascular disease seems to increase with 
the use of synthetic estrogens, newer generations 
of progestins (especially second generation), 
and formulations containing higher doses of 
the estrogen component. It is, however, impor-
tant to discuss oral contraceptive formulations 
separately to those used for postmenopausal 
hormone replacement.

Oral contraceptive pills 
Oral contraceptive pills (OCPs) first became 
available in the 1960s. An epidemiology study, 
published in 1987, examined cerebrovascular 
deaths in males and females aged 15–44 years 
during the time periods before and after OCPs 
became available in Denmark.62 There was a 
trend towards an increase in the female:male 
death from ischemic stroke ratios (but not 
subarachnoid hemorrhage or ICH) in the 13 years  
following OCP availability compared with the 
13 years before OCP availability, especially 
in women aged 15–34 years. The authors of 
this study suggested that OCP use might have 
partially explained this trend, but cause and 
effect could not be established.62

Since 1987, multiple case–control and cohort 
studies have examined the effect of OCPs on 
stroke risk. This relationship has been summa-
rized in three different meta-analyses. The first 
analysis, published in 2000, examined 16 studies, 
and reported that the cumulative relative risk 
(RR) of ischemic stroke with OCP use was 2.75 
(95% CI 2.24–3.38).63 Lower estrogen doses 
were associated with a lower risk of ischemic 
stroke than higher doses, but all dosages signifi-
cantly elevated the risk. In addition, studies 
that used hospital controls, and those that did 
not control for smoking, showed higher RRs. 
A second meta-analysis, published in 2004,  
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estimated cumulative RR ratios from 20 studies 
(16 case–control and 4 cohort studies).64 Unlike 
the previous meta-analysis, the authors reported 
that the summary RR depended on the study 
design. Case–control studies indicated that 
OCP use was associated with an elevated risk 
of stroke (OR 2.13, 95% CI 1.59–2.86), but 
cohort studies did not reveal a significantly 
increased risk (OR 0.95, 95% CI 0.51–1.78). 
On the basis of the thromboembolic risk asso-
ciated with high estrogen doses, OCPs should 
primarily increase the risk of ischemic stroke. 
There are caveats to the summary OR from  
the cohort studies, however, because out of the 
four cohort studies, only one specifically sepa-
rated ischemic strokes from hemorrhagic strokes, 
and the other three studied either hemorrhagic 
stroke alone or ischemic and hemorrhagic stroke 
combined. A third meta-analysis, published in 
2005, showed that the summary OR for ischemic 
stroke was 2.12 (95% CI 1.56–2.86), compared 
with 1.84 (95% CI 1.38–2.44) for myocardial 
infarction.65 This analysis also reported a signifi-
cantly higher risk of both ischemic stroke and 
myocardial infarction in women taking second-
generation OCPs than in those not taking OCPs, 
and third-generation OCPs increased the risk of 
ischemic stroke but not myocardial infarction. 
It should be emphasized that the absolute risk 
of stroke is still very small; there is about one 
additional ischemic stroke per year per 24,000 
women using OCPs.64

Postmenopausal hormone therapy 
In 1995, an estimated 38% of women in the US 
were using postmenopausal hormone therapy.66 
This high proportion of use was attributed 
in part to the cardiovascular and hip fracture 
protection benefits reported in observational 
studies. These benefits outweighed the potential 
risks of uterine cancer, as reported in a land-
mark meta-analysis in 1992.67 Randomized 
controlled trials have shown that hormone 
therapy does not protect against stroke in the 
context of secondary prevention, and seems to 
increase risk in the context of primary preven-
tion. The Heart and Estrogen/progestin Replace
ment Study (HERS) demonstrated that women 
with established coronary disease who were  
randomly assigned to conjugated equine estrogen– 
medroxyprogesterone acetate (CEE–MPA) did not  
have fewer recurrent coronary artery disease or 
stroke events than women receiving placebo.68,69 
Similarly, the Women’s Estrogen for Stroke Trial 

(WEST) showed that women with minor stroke 
or transient ischemic attack did not have fewer 
recurrent events after treatment with 17β-estradiol  
than after treatment with placebo.70 In fact, in a 
post hoc analysis, there was a statistically signifi-
cant increase in strokes in the first 6 months after 
randomization to this drug, demonstrating an 
early risk. Finally, the Women’s Health Initiative 
(WHI) study showed that relatively healthy 
postmenopausal women randomly allocated to 
CEE–MPA (or CEE alone in those with hysterec
tomies) had a 40% increased risk of stroke during 
follow-up.71,72 Women using postmenopausal 
hormone therapy also had an increased risk 
of venous thromboembolism, coronary artery 
disease events (with CEE–MPA, but not with 
CEE alone),71,72 probable dementia, mild cogni-
tive impairment,73 and breast cancer.71 Not 
surprisingly, the prescription of hormone therapy 
has decreased markedly in the years following 
the initial WHI publication.74 Currently, 
hormone therapy is indicated only for the treat-
ment of menopausal vasomotor symptoms and  
vaginal dryness.75

Despite this convincing clinical trial evidence, 
the reasons for the increased risk of stroke  
in the WHI are poorly understood. Multiple 
subgroup analyses of both arms of the study 
failed to identify specific characteristics in 
the women at particularly low or high risk  
of stroke with hormone therapy.76,77 One of 
the primary criticisms of the WHI was that the 
majority of participants were over the age of 
60 years; in other words, they were on average 
10 years postmenopausal and past the usual age 
for treatment of vasomotor symptoms.78 The 
relationship between time since menopause and 
occurrence of coronary heart disease (CHD) or 
stroke events was analyzed in the CEE–MPA 
and CEE-alone arms of the trial.79 Interestingly, 
there was a trend towards a lower risk of CHD in 
women who initiated hormone therapy closer to 
menopause, whereas occurrence of stroke events 
was not affected by the time since menopause. 
Again, there is no clear explanation for why 
estrogen might have provided some early benefit 
in reduction of heart disease in mid-life, but no 
benefit with respect to risk of stroke.

A subsequent analysis focusing on the CEE-
alone arm of the WHI showed that hormone 
therapy led to a reduction in the coronary artery 
calcium score, a measure of subclinical coronary 
artery disease.80 This finding might help to 
explain why there was no increased risk of CHD 
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in the CEE-alone arm of the study. These results 
are, however, likely to be specific to CHD and 
cannot be extended to cerebrovascular disease, as 
there was a significant increase in stroke events in 
this trial.76 It is important, therefore, to empha-
size that future analyses of the WHI should 
be focused on understanding how hormone 
therapy—particularly the estrogen compo-
nent—increased the risk of stroke regardless of  
hysterectomy status.

Although the WHI provides crucial data on the 
associations between CEE, alone or in combina-
tion with MPA, and multiple vascular diseases, 
it still leaves many unanswered questions. One 
major gap in the analyses of stroke events in the 
WHI is the fact that initial stroke severity was 
not measured using standardized neurological 
impairment scales such as the NIHSS.81 In 
addition, none of the outcomes measured after 
hospitalization reflected recovery and disability, 
including stroke severity and functional status. 
This fact is important because many women 
recover from stroke completely, whereas others 
are left with substantial disability, and it is 
important to determine whether the outcomes 
of women in the trial correlated with the use of 
hormone therapy at the time of stroke.

ADVANCING THE STUDY OF STROKE  
IN WOMEN 
A multidisciplinary working group convened in 
August 2005 to further explore the unanswered 
questions from the WHI and the effect of 
estrogen on stroke and cardiovascular disease. 
The Advancing the Study of Stroke in Women 
workshop, sponsored in part by the NINDS, 
aimed to provide specific recommendations for 
future clinical and basic-science research that 
will improve our understanding of the risks  
and benefits of estrogens with respect to stroke 
and vascular disease, explain sex differences in 
stroke outcomes and responses to stroke treat-
ment, and highlight wide gaps in knowledge 
regarding stroke in high risk populations, such 
as pregnant or African American women.36 One 
of the critical gaps in basic-science knowledge is 
whether the NVU, which can be used as a concep-
tual model of cerebral ischemia and the response 
to specific treatments, differs by sex. One initial 
step is to test all new acute stroke therapies in both 
male and female animal models to ensure that 
the treatment responses are the same, and, if not, 
to determine at the molecular level the nature of 
the differences. There should also be a continued 

basic-science effort to determine how sex steroids 
and their mimetics might act as protectants in 
specific models of neurovascular injury.36

One protective action of estrogen is its influ-
ence on inflammatory and immune responses 
in the brain. Microglia are an important compo-
nent of the NVU, as these cells represent the 
mononuclear phagocyte system in the brain 
and are in close proximity to the cerebral blood 
vessels and the blood–brain barrier.82 Estrogen 
has anti-inflammatory effects in the brain that 
are specifically mediated by glial cells, such as the 
microglia. Through the ERα and ERβ estrogen 
receptors located in microglia, estrogen down-
regulates proinflammatory innate immune 
responses.83 The anti-inflammatory actions of 
estrogen vary, however, depending on apolipo-
protein E (APOE) genotype. In a recent study by 
Brown and co-workers, estrogen modulated the 
expected anti-inflammatory effects in APOE3 
targeted replacement mice, but did not suppress 
inflammation to the same extent in APOE4 
mice.84 If these data can be extrapolated to 
humans, postmenopausal women who have the 
APOE4 genotype and are treated with hormone 
therapy might not benefit from the anti-
inflammatory actions of estrogen in the brain.  
In view of the fact that cerebrovascular disease 
and atherosclerosis are inflammatory condi-
tions, genetic variability might contribute to 
the unexplained risk of ischemic stroke asso
ciated with hormone therapy in primarily  
healthy women in the WHI. Indeed, in a study 
of elderly women with Alzheimer’s disease who 
were using estrogen, those with the APOE4 
genotype did not receive the beneficial slowing 
of cognitive decline from estrogen use that was 
seen with APOE4-negative genotypes.85 In addi-
tion, among APOE4-positive women, there was 
no difference in internal carotid artery wall 
IMT between those who used estrogen and  
those who did not, whereas APOE4-negative 
women who used estrogen had significantly lower 
IMT than non-users. This study indicates that 
there is an interaction between APOE status and 
estrogen use with regard to both neuronal func-
tion and progression of carotid atherosclerosis. 
Further basic-science and clinical research efforts 
should be focused on determining the gene– 
environment interactions that relate to estro-
gens, and how this knowledge could help target 
estrogen therapy to women who will benefit.36

The working group also recommended  
several specific clinical research imperatives. The  
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population targeted for clinical studies of the 
interactions between estrogen and stroke should 
be limited to those women who are candidates 
for hormone therapy during perimenopause, 
early postmenopause, or postsurgical meno-
pause. Methods to distinguish between women 
at high risk of stroke with hormone therapy, 
and those who might benefit from hormone 
therapy, need to be developed. Candidate 
genetic, inflammatory or thrombosis markers 
should be investigated for this purpose. In addi-
tion, hormone therapy formulations other than 
those used in the WHI need to be investigated 
for stroke risk, and other surrogate measures of 
subclinical disease might be required because 
stroke as an outcome measure might be too rare 
to study with short-term follow-up.36

CONCLUSIONS AND FUTURE RESEARCH 
OPPORTUNITIES
Besides the clinical and basic-science research 
opportunities discussed at the Advancing the 
Study of Stroke in Women Workshop, transla-
tional approaches will be required to further the 
study of the relationships between sex, estrogen 
and stroke. For example, peripheral vessel 
endothelial responses (e.g. brachial artery flow- 
mediated dilation) can be measured in the setting 
of various polymorphisms, different levels 
of endogenous hormones, or treatment with 
exogenous hormones. Cerebrovascular responses 
in these subgroups can be measured with middle 
cerebral velocity changes in response to a carbon 
dioxide challenge to determine cerebral vaso-
motor reserve.34 In addition, use of surrogate 
outcomes such as IMT of the carotid artery—
which predicts 10-year cardiovascular risk12 and 
can be measured in response to various stroke 
prevention treatments—can enable therapies 
to be focused on younger women, who have an 
overall low stroke event rate but are accumulating  
risk factors.86

Animal models of focal and global cerebral 
ischemia have shown that estrogens have a 
beneficial effect on all the individual compo-
nents of the NVU.37 Clinical trials of exogenous 
estrogen treatment in postmenopausal women 
have, however, shown either no benefit or an 
increased risk of stroke when compared with 
placebo.69,70,76 Explaining the gap between the  
beneficial effects of exogenous estrogens in  
the brain demonstrated in animal studies and the  
risk of stroke in response to estrogens in clinical 
trials will require investigation of the NVU as 

a whole in both males and females, taking into 
account age, child-bearing status, vascular risk 
factors, endogenous levels of sex hormones, and 
genetic polymorphisms.36

Key Points 
■	 Women account for the majority of stroke 

deaths, and women who survive stroke have 
worse disability and a higher likelihood of 
institutionalization than do male stroke survivors

■	 Women have unique risk factors for stroke 
that relate to events that change endogenous 
hormone levels throughout their life cycle, such 
as pregnancy and menopause

■	 Exogenous estrogens can increase the risk 
of stroke, as shown in multiple studies of 
oral contraceptive use and postmenopausal 
hormone therapy 

■	 Research efforts need to focus on 
understanding sex differences in stroke 
treatment and outcomes at the levels 
of cerebrovascular physiology and the 
neurovascular unit 

■	 Additional areas for research include attempting 
to explain why hormone therapy use in relatively 
healthy women increases the risk of stroke
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