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Abstract
Objective
To examine sex differences in cerebrovascular pathologies (CVPs) as seen on fluid-attenuated
inversion recovery (FLAIR) MRI and in cardiovascular and metabolic risk factors in a pop-
ulation-based cognitively unimpaired cohort and to examine whether sex is independently
associated with FLAIR findings after accounting for differences in important midlife risk factors.

Methods
We identified 1,301 cognitively normal participants (663 men and 638 women) enrolled in the
Mayo Clinic Study of Aging (age ≥70 years) who had FLAIRMRI and ascertained total burden
of white matter (WM) hyperintensities (WMH), subcortical infarctions, and cortical infarc-
tions. We compared CVPs and midlife and late-life vascular risk factors between men and
women. We fit regression models with each CVP as an outcome, treating age, sex, and midlife
risk factors as predictors.

Results
Women had significantly greater WMH volume relative to their WM volume compared to men
(2.8% vs 2.4% of WM, p < 0.001), while men had a greater frequency of cortical infarctions
compared to women (9% vs 4%, p < 0.001). Subcortical infarctions were equally common in
men and women (20%). In regression modeling after adjustment for WM volume, the mean
WMH volume difference between men and women was of the same magnitude as a 7-year
difference in age. In contrast, men had 2.2-greater relative odds of having a cortical infarction
compared to women. These sex differences persisted even after adjustment for midlife vascular
risk factors.

Conclusions
There were important sex differences in CVP findings on FLAIR in cognitively unimpaired
elderly. Understanding these sex differences could aid in the development of sex-specific
preventive strategies.
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Cerebrovascular pathologies (CVP) are one of the most
common pathologies concurrent with late-onset mixed
dementias.1 While the impact of CVP on cognitive decline has
gained attention in recent years, sex differences in CVP have
not been thoroughly investigated. Studies typically correct for
sex differences instead of investigating sex-specific mecha-
nisms. Identifying and understanding potential sex differences
also could aid in the development of sex-specific preventive
strategies.

The most commonly used imaging technique to visualize
lesions associated with CVP is T2-weighted or fluid-
attenuated inversion recovery (FLAIR) MRI, which is used
to visualize white matter (WM) hyperintensities (WMH) and
infarctions. Both of these features have been shown to in-
crease the risk of dementia and stroke.2,3 The goal of this study
was 2-fold: to explore sex differences in the frequency of CVPs
on FLAIR MRI (WMH volume, subcortical infarctions, and
cortical infarctions) and cardiovascular and metabolic risk
factors in a population-based cognitively unimpaired cohort
and to examine whether sex is independently associated with
CVP after accounting for differences in major midlife risk
factors. We used data from cognitively unimpaired individuals
participating in the population-based Mayo Clinic Study of
Aging (MCSA).

Methods
Selection of participants
MCSA is a population-based cohort study of Olmsted
County, Minnesota, residents designed to investigate the
epidemiology of healthy aging, mild cognitive impairment,
and dementia.4,5 The MCSA cohort represents a sex- and age-
stratified random sample of Olmsted County residents, with
individuals randomly selected from an enumeration with the
Rochester Epidemiology Project (REP) medical records
linkage system.6–9 For the current study, the inclusion criteria
were cognitively unimpaired participants using a consensus
criteria4,5 (based on nurse, physician, and neuropsychologist
evaluation) ≥70 years of age with usable baseline 3T FLAIR
MRI and T1 MRI scans performed between August 2005 and
September 2011. A total of 280 individuals were excluded
because of cognitive impairment, including 258 with mild
cognitive impairment and 22 with dementia. Beyond no
cognitive impairment, we did not exclude individuals with
prior stroke or other cerebrovascular findings. Of all MCSA
participants, ≈80% consent for an MRI. Among those iden-
tified for this study, 8 individuals had scans that failed quality
control measures and were removed from this study. Our final

cohort consisted of 1,301 participants. From the REP, we
were able to ascertain risk factors in these participants as
described below.

Standard protocol approvals, registrations,
and patient consents
The study was approved by the Mayo Clinic institutional
review board, and informed consent was obtained from all
participants.

CVP assessment
WMH on standard 2-dimensional FLAIR imaging were seg-
mented and edited by a trained imaging analyst (G.M.P.)
using a semiautomated method.10 We estimated the total WM
volume from T1 MRI scans. In a sample of 9 individuals who
had a pair of 3TMRI scans within 10 days, we found very high
intraclass correlations (>0.95) for both computed WM vol-
ume and WMH volume, indicating that these quantities can
be reliably estimated. Brain infarctions were assessed by
a trained image analyst (G.M.P.) and confirmed by a radiol-
ogist (K.K.) blinded to all clinical information. Cortical
infarcts were defined as lesions with a largest diameter of >1
cm, while subcortical infarcts were defined as those >3 mm in
diameter. The intrarater reliability of this assessment has been
recorded as 0.98 for cortical infarcts and 0.94 for subcortical
infarcts.11

Cardiovascular and metabolic risk factors

Midlife risk factors
Using the REP medical records linkage system, trained nurses
abstracted the history of midlife (age 40–64 years) vascular
risk factors for each participant, including type 2 diabetes
mellitus, hypertension, dyslipidemia, and obesity.12 We also
estimated a summary score for midlife physical inactivity
based on 21 minus the midlife physical activity summary
scores published previously from a questionnaire that was
obtained for all MCSA participants.13 Of all the study par-
ticipants, 1 was missing all midlife risk factors, 97 were missing
obesity data, and 61 did not have completed midlife physical
activity questionnaires.

Late-life chronic conditions
In addition to the above risk factors, we included the standard
definition of chronic conditions in a 5-year capture frame (late
life).14 From the US Department of Health and Human
Services list proposed in 2010 for studyingmultimorbidity, we
limited the scope to 7 cardiac andmetabolic conditions, which
included hypertension, hyperlipidemia, cardiac arrhythmias,
coronary artery disease, congestive heart failure, diabetes
mellitus, and stroke. In appendix e-1 (http://links.lww.com/

Glossary
CI = confidence interval; CVP = cerebrovascular pathology; FLAIR = fluid-attenuated inversion recovery; ICD-9 =
International Classification of Diseases, 9th revision; MCSA = Mayo Clinic Study of Aging; OR = odds ratio; REP = Rochester
Epidemiology Project; WM = white matter; WMH = white matter hyperintensities.
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WNL/A106) we have listed these conditions and the ICD-9
codes used to identify these conditions.

Statistical methods
We compared men and women using t tests for continuous
variables and χ2 tests for categorical variables. To evaluate sex
differences in WMH volume, we fit a linear regression model
with log-transformed WMH volume as the response and age,
total WM volume, and several midlife vascular risk factors as
the predictors. The midlife risk factors in this regression
model were midlife diabetes mellitus, midlife hypertension,

and midlife dyslipidemia, along with smoking status (ever vs
never). We did not include midlife obesity because of missing
data. The log of the outcome was modeled to account for
skewness in the data. By adjusting for total WM volume, we
were able to assess whether for a givenWM volume, i.e., tissue
at risk, men and women differ on average in log WMH vol-
ume. At a given age, men had ≈11% greater WM volumes
compared to women, and the effect size, defined as the dif-
ferences in means divided by the overall SD, was 0.76.
However, with both 89% of men and 89% of women having
WM volumes in the range of 375 to 575 cm3, we found that

Table Characteristics by sex

All (n = 1,301) Females (n = 638) Males (n = 663) p Value

Demographics and APOE

Age, y 78.7 (5.1) 78.9 (5.3) 78.6 (4.9) 0.29

«4 carrier, n (%) 321 (25) 162 (25) 159 (24) 0.54

«2 carrier, n (%) 202 (16) 96 (15) 106 (16) 0.65

Midlife risk factors

BMI, kg/m2 27.4 (4.5) 27.3 (5.1) 27.5 (3.7) 0.44

Midlife physical inactivity 11.7 (4.7) 11.7 (4.2) 11.7 (5.1) 0.98

Midlife obesity, n (%) 333 (28) 163 (27) 170 (28) 0.78

Ever smoked, n (%) 615 (47) 223 (35) 392 (59) <0.001

Midlife diabetes mellitus, n (%) 66 (5) 30 (5) 36 (5) 0.55

Midlife hypertension, n (%) 440 (34) 214 (34) 226 (34) 0.85

Midlife dyslipidemia, n (%) 600 (46) 298 (47) 302 (46) 0.66

Late-life chronic conditions

Cardiac arrhythmias, n (%) 336 (26) 133 (21) 203 (31) <0.001

Coronary artery disease, n (%) 381 (29) 129 (20) 252 (38) <0.001

Congestive heart failure, n (%) 61 (5) 23 (4) 38 (6) 0.070

Stroke, n (%) 100 (8) 45 (7) 55 (8) 0.40

Hypertension, n (%) 855 (66) 425 (67) 430 (65) 0.50

Diabetes mellitus, n (%) 393 (30) 173 (27) 220 (33) 0.017

Hyperlipidemia, n (%) 874 (67) 415 (65) 459 (69) 0.11

CVP from FLAIR

WM volume, cm3 461 (64) 437 (56) 485 (62) <0.001

WMH volume, cm3 12 (12) 13 (13) 12 (11) 0.17a

WMH volume, % of WM volume 2.6 (2.1) 2.8 (2.4) 2.4 (1.9) <0.001a

Subcortical infarction, n (%) 260 (20) 127 (20) 133 (20) 0.94

Cortical infarction, n (%) 85 (7) 26 (4) 59 (9) <0.001

Abbreviations: BMI = body mass index; CVP = cerebrovascular pathology; FLAIR = fluid-attenuated inversion recovery; WM = white matter; WMH = white
matter hyperintensities.
Mean (SD) is listed for continuous variables and count (percent) for the categorical variables. p Values are from a t test for continuous variables or a χ2 test for
categorical variables.
a This p value is based on the log-transformed values.
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regression adjustment for WM volume was justified and
allowed a comparison of men and women holding WM vol-
ume constant.

To evaluate sex differences in cortical and subcortical infarc-
tions, we used logistic regression with infarctions as the binary
outcome and age, midlife diabetes mellitus, midlife hyper-
tension, midlife dyslipidemia, and smoking status as pre-
dictors. We chose to include midlife risk factors in our
regression models primarily because CVP seen on FLAIR
reflects long-term changes to the brain and the midlife risk
factors have been abstracted and validated in the MCSA by
trained nurses.12

Results
The characteristics of all participants overall and stratified by
sex are summarized in the table. The mean (SD) age for both
men and women was 79 (5) years, and the 2 groups had
similar frequencies of APOE e4 carrier status (25% in women
vs 24% in men). Men were more likely to have a smoking
history (59% vs 35%, p < 0.001). Among the late-life chronic
conditions, men had a higher frequency of cardiac arrhyth-
mias (31% vs 21%, p < 0.001) and coronary artery disease
(38% vs 20%, p < 0.001). There was also a slightly higher

frequency of diabetes mellitus among men (33% vs 27%, p =
0.017). When scaled by total WM volume, WMHs consti-
tuted a greater fraction of tissue in women compared to men
(2.8% vs 2.4% ofWM, p < 0.001). While relatively rare in both
groups, men had a greater frequency of cortical infarctions
compared to women (9% vs 4%, p < 0.001). About 20% of
both men and women had subcortical infarctions.

Figure 1 shows the distribution of WMH volume by age and
by total WM volume stratified by sex. The figure illustrates
that both men and women have similar distributions ofWMH
volume and that this measure is positively associated with age
and scales with total WM volume, i.e., the total WM at risk for
hyperintensities. The bottom panel of figure 1 shows the
overall distribution of WM volume in men and women.
Figure 2 shows the frequency of cortical and subcortical
infarctions for men vs women by age category.

Regression models
In the regression model for WMH volume, for a given WM
volume, after for adjustment for age, midlife diabetes mellitus,
midlife hypertension, midlife dyslipidemia, and smoking sta-
tus, women had higher log WMH volumes compared to men
(0.39, 95% confidence interval [CI] 0.31–0.46, p < 0.001)
(figure 3). A 10-year increase in age was associated with a 0.56
increase in log WMH volume (95% CI 0.49–0.63, p < 0.001).

Figure 1 WMH volume by age and total WM volume stratified by sex

(A) WMH vs age in women, (B) WMH vs age in men, (C)
WHM vs WM volume in women, and (D) WMH vs WM
volume in men. Blue line is from a locally weighted
scatterplot smoother and represents the estimated
meanWMH volume for a given age or total WM volume.
The rank correlation (r) is shown in each panel. To aid
comparison of WM volume for women and men, we
include box plots showing the marginal distributions at
the top of the lower 2 panels. WM = white matter; WMH
= white matter hyperintensities.
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In terms of effect sizes, for a given WM volume and with
midlife vascular risk factors held constant, the magnitude of
the difference inWMH volume between men and women was
equivalent to a 7-year increase in age. Differences according to
midlife risk factors were comparatively small, with marginally
higher log WMH volumes found in those with midlife di-
abetes mellitus (0.09, 95% CI −0.06 to 0.25, p = 0.23), midlife
hypertension (0.07, 95% CI 0.00–0.14, p = 0.05), midlife
dyslipidemia (0.03, 95% CI −0.04 to 0.10, p = 0.42), and
a history of smoking (0.03, 95% CI −0.03 to 0.10, p = 0.33).
Adjustment for these factors had very little impact on the
estimates for age and sex.

In logistic regression modeling of cortical infarctions, men
had a >2-fold increase in the odds of cortical infarctions (odds

ratio [OR] 2.2, 95% CI 1.4–3.7, p = 0.001), while a 10-year
increase in age was associated with an 80% increase in the
odds of cortical infarctions (OR 1.8, 95%CI 1.2–2.9, p = 0.01)
(figure 4). Midlife hypertension was associated with an ≈50%
increase in odds of cortical infarctions (OR 1.5, 95% CI
1.0–2.4, p = 0.07). The strength of the association with midlife
diabetes mellitus was apparently similar although not signifi-
cant (OR 1.4, 95% CI 0.5–3.3, p = 0.42), and associations
were smaller for midlife dyslipidemia (OR 1.1, 95% CI
0.7–1.8, p = 0.64) and history of smoking (OR 1.3, 95% CI
0.8–2.0, p = 0.32). A very similar elevated odds of cortical
infarctions for men was found with or without adjustment for
vascular risk factors.

In the model for subcortical infarctions, a 10-year increase in
age was associated with a doubling of odds of subcortical
infarctions (OR 2.3, 95% CI 1.7–3.1, p < 0.001), but a sex
difference was not observed (figure 4). Midlife hypertension
was associated with an ≈50% increase in the relative odds of
subcortical infarction (OR 1.5, 95% CI 1.1–2.0, p = 0.009).
Although not statistically significant, midlife diabetes mellitus
was associated with an increased odds of subcortical

Figure 3 Effect of sex, age, total WM volume, and midlife
vascular risk factors on log-transformed WMH
volume

WM = white matter; WMH = white matter hyperintensities.

Figure 2 Estimated percentage of (A) cortical and (B) sub-
cortical infarctions by age group stratified by sex

Error bars indicate 95% confidence intervals for the percentage.

Figure 4 Relative odds of (A) cortical or (B) subcortical
infarctions for sex, age, and midlife risk factors
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infarctions (OR 1.3, 95% CI 0.7–2.2, p = 0.47), while, if
anything, midlife dyslipidemia and smoking appeared to be
only weakly associated with subcortical infarctions.

Discussion
In a large, population-based cohort, using well-established
methods of quantification, we found that women had signif-
icantly greater WMH volume compared to men after adjust-
ing for WM volume, age, and midlife risk factors. In contrast,
men had greater frequency of cortical infarctions compared to
women. Sex was independently associated with these CVP
outcomes after accounting for differences in midlife risk fac-
tors, and the latter did not appear to mediate the observed sex
effect in any appreciable way. Understanding these sex dif-
ferences in the frequency of CVP and associated risk factors
could aid in the development of sex-specific preventive
strategies. The findings of this study may explain the different
patterns in prevalence and development of dementia seen in
women and men, as explained in detail below.

A greater WMH burden in women may seem counterintuitive
given that men tend to have a worse vascular risk factor
profile, but our WMH findings are generally consistent with
evidence suggesting sex differences in the risk of developing
WMH.15 A population-based longitudinal study also reported
that elderly women have a greater progression of WMH than
men.16,17 Furthermore, that study found that the progression
of WMH paralleled the cognitive decline seen in participants.
Numerous studies have reported a higher frequency of arterial
stiffness in women compared to men.18,19 Because arterial
stiffness is related to remodeling of the cerebral vasculature, it
may be a possible explanation for the increased prevalence of
abnormal WMH in women. Another explanation is the sexual
dimorphism in the WM microstructure between men and
women.20 In addition to the observed sex effects, older indi-
viduals tended to carry a greater WMH burden for a given
WM volume, as did individuals with midlife hypertension,
findings that are consistent with the literature.21

We found clear evidence for increased odds of cortical
infarctions in men. Studies have linked several vascular risk
factors to the risk of cortical strokes: smoking,22 coronary
heart disease,23 cardiac arrhythmias,24 and blood pressure.25 In
the logistic regression models (figure 4), we found a weak
association between midlife hypertension and odds of cortical
infarctions, consistent with the literature.25 In addition, there
was an increased frequency of several late-life chronic con-
ditions in men in our sample (table). We found that age and
midlife hypertension were the clearest predictors of sub-
cortical infarctions. Besides age, hypertension is the most
definitive risk factor for lacunar infarcts.24,25 Our results sug-
gest that given midlife hypertension and age, there are no sex
differences in the odds of subcortical infarctions. The pres-
ence of associations between each of the CVPs and hyper-
tension, which is one of the major risk factors for CVP, and

the fact that sex was independently associated with cortical
infarctions and WMH strengthen our findings.

The findings of this study may help elucidate the different
patterns in the prevalence and development of dementia in
women and men. The higher frequency of cortical infarctions
seen in men may explain in part the higher prevalence of
nonamnestic mild cognitive impairment in men compared to
women.26 On the other hand, women show greater WMH
burden. In contrast to an infarction, which has a stepwise
impact on cognition, WMH is a progressive process. There-
fore, at a given level of amyloid, women may show greater
longitudinal cognitive decline than men because they have
a greater burden of WMH. This may be a possible underlying
reason for a greater proportion of women with Alzheimer
disease dementia compared to men.27

A potential explanation for our WMH finding is so-called
collider bias in which a spurious statistical association between
2 variables is observed that is due to conditioning on a com-
mon downstream effect of these variables.28 That is, 2 varia-
bles that are independent can be linked statistically in an
analysis that conditions on a factor that both variables in-
fluence. The conditioning can take the form of regression
adjustment, stratification, or restriction of an analysis to
a subgroup. Our study analyzed cognitively unimpaired
individuals; therefore, we are conditioning via restriction on
cognitive status. Because both sex and WMH volume affect
cognitive status, the link we found could be due to collider
bias. However, a secondary analysis among a subset of 219
individuals with mild cognitive impairment in a previously
published cohort12 suggests that collider bias could be only
a partial explanation because the sex effect among mild cog-
nitive impairment was similar (−0.25 log-WMH volume units,
95% CI 0.06–0.44). Our analysis used regression adjustment
to account for WM volume, yet WM volume would not be
a collider, providing a spurious link between sex and WMH
volume. The reason is that WM volume is not a common
downstream effect of both sex and WMH volume; in fact,
greater WM volume leads to greater WMH volume, not vice
versa. This is our primary motivation for adjusting for WM
volume. With sampling bias an unlikely explanation for our
findings and in the absence of an identified systematic bias, we
think our WMH findings are valid.

Another limitation of our WMH regression analysis is that,
even though we adjusted for WM volume in our models to
compare men and women at a given WM volume level, the
relationship between WMH and WM volume is not
straightforward. We observed that in men and women, indi-
viduals with greater WM volumes tended to have a higher
ratio of WMH to WM volume; i.e., the ratio is not constant
across the entire WM volume spectrum. There are 2 possible
explanations for this: individuals with greater WM (or WM
reserve) may be able to withstand greater burden of WMH
while remaining cognitively normal, and the sensitivity of
WMH detection could be influenced by the extent of WM.
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Although further studies are needed to understand the dy-
namics between WM volume and WMH volume, the ap-
proach we took to contrast WMH for men and women
holding WM volume constant is reasonable for testing the
hypothesis proposed here.

A major strength of our study is the availability of a large
population-based sample with imaging and thorough risk
factor assessment. A limitation of the study is the lack of
arterial stiffness measures in our cohort, a factor that could
clarify a mechanism by which women would be at increased
risk of WMH. Given our large sample size, sampling variation
is a possible but seemingly unlikely explanation for a possibly
unexpectedWMH finding. In any cohort, participation bias or
selection effects should be considered. However, in a recent
analysis, rigorously accounting for possible selection effects
tended to affect estimates minimally.29 More in-depth in-
vestigation is needed to elucidate the effects of each risk factor
on CVPs.
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Study question
Are there sex differences in the cerebrovascular pathology
(CVP), as defined by white matter hyperintensities (WMH),
cortical infarctions, and subcortical infarctions in fluid-
attenuated inversion recovery (FLAIR) MRI scans of cogni-
tively unimpaired elderly individuals?

Summary answer
There are important sex differences in the CVP findings ob-
served in FLAIR MRI scans from cognitively unimpaired el-
derly individuals.

What is known and what this paper adds
CVPs are among the most common comorbidities in patients
with late-onset mixed dementias. This study provides evidence
of sex differences in CVPs, which could aid the development of
sex-specific treatment plans.

Participants and setting
The participants were residents of Olmsted County, Minne-
sota, who were cognitively unimpaired, were ≥70 years of age,
and underwent 3T FLAIR MRI and T1 MRI scanning between
August 2005 and September 2011.

Design, size, and duration
This was a cross-sectional study of 663 men and 638 women in
whom CVP was indicated by WMH or infarctions (cortical or
subcortical) on FLAIR MRI scans.

Primary outcomes
The primary outcome was the presence of CVPs.

Main results and the role of chance
MeanWMH volume as a percentage of total white matter volume
was greater in women than in men (2.8% vs 2.4%, p < 0.001), but
a higher proportion of men had a cortical infarction (4% vs 9%, p <
0.001). There was no sex difference in the proportion with a cor-
tical infarction (20% vs 20%, p = 0.94). Regression modeling with
adjustments for age andmidlife vascular risk factors confirmed that
WMHvolumeswere 0.39 logarithmic units higher inwomen (95%
confidence interval [CI] 0.31–0.46, p < 0.001), with the effect of
sex being equivalent to that of a 7-year difference in age. Logistic
regressionmodeling also confirmed that men were at higher risk of
cortical infarctions (odds ratio 2.2, 95% CI 1.4–3.7, p = 0.001).

Bias, confounding, and other reasons
for caution
The findings indicate a complicated relationship between sex and
CVPs that bears cautious interpretation. Study participants who
underwent imaging may be healthier than those who did not,
which could result in selection/participation bias. Furthermore,
because the analysis was restricted to those who were cognitively
unimpaired, some individuals in whom CVPs were severe
enough to impair cognition were excluded.

Generalizability to other populations
The study participants were randomly selected from Olmstead
County, Minnesota, residents ≥70 of age who are ethnically
representative of the upper Midwest region of the United
States. However, the relative demographic homogeneity of
Olmsted County may limit generalizability to populations with
a different demographic composition.

Study funding/potential competing interests
This study was funded by the NIH, the GHR Foundation, the
Mayo Foundation, and the Elsie and Marvin Dekelboum
Family Foundation. The authors report no competing interests.
Go to Neurology.org/N for full disclosures.

Figure Factors affecting mean log-transformed white matter
hyperintensity volume. Point estimates and 95%
confidence intervals show mean difference for each
factor based on linear regression modeling.
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