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BACKGROUND: White matter hyperintensity (WMH), characterized by hyperintensities on T2-weighted fluid-attenuated inversion
recovery brain magnetic resonance imaging, has been linked to an increased risk of ischemic stroke (IS). Endothelial dysfunc-
tion is an indicator of vascular dysfunction, predicting the risk of IS. This study aimed to investigate the association between
endothelial dysfunction and regional WMH, and its impact on future risk of IS.

METHODS AND RESULTS: We enrolled 219 patients (mean age, 53.1+14.1 years; 34.7% men) who underwent peripheral en-
dothelial function assessment using reactive hyperemia peripheral arterial tonometry and brain magnetic resonance imaging
without any history of IS. Volumetric WMH segmentation was automatically extrapolated using a validated automated digital
tool. Total and juxtacortical WMH volume/intracranial volume (%) increased with aging and became more prominent in pa-
tients aged >50 years (n=131) than those aged <50 years (n=88) (total WMH: <50 years, Pearson r=0.24, P=0.03; >50 years,
Pearson r=0.62, P<0.0001; juxtacortical WMH: <50 years, Pearson r=0.09, P=0.40; >50 years, Pearson r=0.55, P<0.0001).
Reactive hyperemia peripheral arterial tonometry index was negatively associated with total and juxtacortical WMH volume/
intracranial volume (%) in patients aged >50 years after adjustment for other covariates (reactive hyperemia peripheral arterial
tonometry index, standardized B coefficient —0.17, P=0.04). Juxtacortical WMH volume/intracranial volume (%) was associ-
ated with an increased risk of IS during median follow-up of 6.5 years (hazard ratio, 1.47; 95% ClI, 1.05-1.92; P=0.03).

CONCLUSIONS: Peripheral endothelial dysfunction is associated with an increased volume of juxtacortical WMH in patients aged
>50 years, which is a potential marker to predict future risk of IS.
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is associated with an increased risk of ischemic

stroke and its incremental prognostic value in pre-
dicting ischemic stroke over conventional stroke risk
scores, such as CHA,DS,-VASc score and revised
Framingham Stroke Risk Score, suggesting a potential
link in underlying disease process between peripheral
microvascular endothelial dysfunction and ischemic
stroke.! Previous studies also suggested that the ce-
rebral microvascular endothelium might be the primary
site of injury caused by multiple risk factors, leading
to increased permeability of the blood—brain barrier in

Peripheral microvascular endothelial dysfunction

cerebral small vessels and subsequent glial/neuronal
damage.? Serum markers of endothelial dysfunction,
such as intercellular adhesion molecule-1, vascular cell
adhesion molecule-1, and vascular endothelial growth
factor, are associated with the progression of cerebral
small vessel disease, including white matter hyperin-
tensity (WMH) and lacunes in patients with a history of
ischemic stroke.® However, no studies have directly ex-
plored the association between cerebral small vessel
disease and systemic microvascular endothelial dys-
function, using a measure of microvascular vasomotor
response.
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CLINICAL PERSPECTIVE
What Is New?

Aging, especially for patients aged >50 years, is
associated with cerebral parenchymal changes
characterized by white matter hyperintensity.

e Peripheral microvascular endothelial dysfunc-
tion is associated with an increased volume of
juxtacortical white matter hyperintensity in pa-
tients aged >50 years.

e Increased volume of juxtacortical white matter
hyperintensity is associated with an increased
risk of ischemic stroke.

What Are the Clinical Implications?

e |n patients aged >50 years, peripheral micro-
vascular endothelial dysfunction was associ-
ated with an increased volume of juxtacortical
white matter hyperintensity, which could be
a potential marker to predict future risk of is-
chemic stroke.

e Impact of microvascular endothelial dysfunction
on future risk of ischemic stroke could be po-
tentially through regional loss of cerebrovascu-
lar reserve.

Nonstandard Abbreviations and Acronyms

ICV intracranial volume

RH-PAT reactive hyperemia peripheral arterial
tonometry

WMH white matter hyperintensity

WMH is a common finding of brain magnetic res-
onance imaging (MRI) in the elderly, characterized by
bilateral, mostly symmetrical hyperintensities on T2-
weighted fluid-attenuated inversion recovery images
without cavitation.* WMH has been linked to cognitive
decline, gait disturbance, and 3.5-times increased
risk of ischemic stroke.>® The underlying pathophys-
iology of WMH has been attributed, at least in part,
to vascular dysfunction”®; however, the role of micro-
vascular endothelial dysfunction on the progression
of WMH is not clear. Furthermore, although some in-
vestigators indicated the potential regional difference
of WMH in pathogenesis and clinical consequences,
most published literature refers only to total WMH in
the analyses.*®

We hypothesized that the link between WMH and
ischemic stroke could be mediated by endothelial dys-
function. Therefore, this study aimed to investigate the
impact of peripheral microvascular endothelial dys-
function on WMH, with further categorization based
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on the regions of WMH. Additionally, we assessed the
predictive value of WMH in different regions for future
risk of ischemic stroke.

METHODS

The data that supported the findings of this study are
available from the corresponding author upon reason-
able request.

Study Population

In this observational cohort study, we enrolled patients
who underwent peripheral microvascular endothe-
lial function testing using the EndoPAT 2000 device
(Itamar Medical, Caesarea, Israel) at Mayo Clinic be-
tween January 2006 and February 2014 and brain MR
during follow-up. The decision to perform reactive hy-
peremia peripheral arterial tonometry (RH-PAT) testing
was at the clinical discretion of the evaluating physi-
cians for assessment of chest pain and/or cardiovas-
cular risk. Similarly, the decision to perform brain MRI
was at the clinical discretion of the evaluating physician
for assessment of headache, syncope, dementia, and/
or motor/sensory neurological symptoms. Patients with
a documented history or current diagnosis of ischemic
stroke or hemorrhagic stroke were excluded from our
analysis. The study was conducted in accordance with
the guidelines of the Declaration of Helsinki. The Mayo
Clinic Institutional Review Board approved the study
protocol (19-011946). All patients provided written in-
formed consent for participation in the current study.
Patients or the public were not involved in the design,
or conduct, or reporting, or dissemination plans of our
research.

Clinical Assessment

Clinical history, laboratory data, and current medica-
tions were collected from a detailed chart review by an
investigator blinded to RH-PAT and volumetric WMH
data. Data were collected on the following parameters:
(1) sex, age, and smoking status; (2) dyslipidemia, de-
fined by a documented history of dyslipidemia or treat-
ment with lipid-lowering therapy; (3) type 2 diabetes
mellitus, defined as a documented history of or treat-
ment for type 2 diabetes mellitus; (4) hypertension,
defined as a documented history of or treatment for
hypertension; (5) coronary artery disease, diagnosed
by coronary angiography or computed tomogra-
phy coronary angiography; (6) a documented history
of atrial fibrillation; and (7) a documented history of
transient ischemic attack. Ten-year atherosclerotic
cardiovascular disease risk was estimated with the
Atherosclerotic Cardiovascular Disease Risk Estimator
Plus tool."® Patients were followed-up from the date
of RH-PAT testing for ischemic stroke over follow-up.
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All ischemic stroke events were identified in accord-
ance with the American Heart Association/American
Stroke Association definition and classified into car-
dioembolic, lacunar, and large artery disease, using
the modified TOAST (Trial of Org10172 in Acute Stroke
Treatment) criteria.’® All diagnoses of ischemic stroke
were made by experienced neurologists at the Mayo
Clinic.

Assessment of Microvascular Endothelial
Function

RH-PAT was measured using EndoPAT (ltamar
Medical), which is a Food and Drug Administration—
approved fingertip device recording distal fingertip
signal to evaluate peripheral microvascular endothelial
function, as previously described.” Briefly, the study
protocol included a 5-minute baseline measurement,
followed by a 5-minute inflation of a blood pressure
cuff around the patient’s test arm with a pressure of
60 mm Hg above baseline systolic blood pressure up
to 200 mm Hg, followed by a 6-minute period of pe-
ripheral arterial tonometry measurement after defla-
tion of the cuff. Blood pressure cuff occlusion was not
applied to the control arm (contralateral arm). RH-PAT
ratio was determined as the average pulse wave am-
plitude for a 1-minute period beginning 1 minute after
pressure cuff deflation divided by the average pulse
wave amplitude during the 3.5-minute baseline period
before pressure cuff inflation. The RH-PAT index was
computed automatically by normalizing baseline signal
and indexing the RH-PAT ratio on the test arm to that
of the control arm. Per clinical protocol, patients were
instructed to stop all vasoactive medications, includ-
ing calcium channel blockers, [(3-blockers, and long-
acting nitrates, for at least 24 hours, and fast for at
least 4 hours and abstain from coffee and tobacco use
on the day of the RH-PAT testing.

Assessment of Brain MRI

MRI images were acquired on 1.5T/3T MRI scanners
(GE Healthcare, Waukesha, WI). The presence of sig-
nificant acute or chronic territorial infarction, brain tu-
mors, and inflammatory/infective diseases was ruled
out in all patients by experienced neuroradiologists
and/or neurologists at Mayo Clinic. The brain volu-
metric data were automatically extrapolated from a
structured 3-dimensional T1-weighed image using the
volBrain online tool." Similarly, volumetric WMH seg-
mentation data were automatically extrapolated from
both a structured 3-dimensional T1-weighed image
and fluid-attenuated inversion recovery image using
the volBrain online tool." The absolute count of WMH
lesions, absolute total volume of WMH (cubic centim-
eters), total volume of WMH/intracranial volume (ICV)
(%), and total volume of WMH/white matter volume (%)
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were calculated, with further categorization based on
the regions of WMH (periventricular, juxtacortical, and
deep white matter).'"

Statistical Analysis

Continuous variables distributed normally were ex-
pressed as the meanz<standard deviation, and those
with a skewed distribution were expressed as the me-
dian with interquartile range. Categorical variables were
expressed as frequency (percent). Enrolled patients
were divided into 2 groups; those aged <50 years and
those aged >50 years based on the fact that WMH
starts to increase in middle age.® For between-group
comparisons, an unpaired t test was used for nor-
mally distributed continuous variables, Mann-Whitney
U test for nonnormally distributed variables, and 2
test (and Fisher exact test) for categorical variables.
Correlations between 2 variables were assessed using
the Pearson correlation test for parametric variables.
Nonparametric variables were log-transformed natural
log (LN) to fit normal distribution. Multiple linear regres-
sion analyses were performed to estimate the inde-
pendent effect of peripheral microvascular endothelial
function on the progression of WMH, with additional
stratification by age. Adjustments were made for age,
cardiovascular risk factors (hypertension, dyslipidemia,
and diabetes mellitus), coronary artery disease, atrial
fibrillation, transient ischemic attack history, and du-
ration from peripheral microvascular endothelial func-
tion assessment to brain MRI. These covariates were
chosen for clinical relevance. Finally, univariate and
multivariate Cox proportional hazard ratio (HR) analy-
ses were performed to estimate the effect of WMH on
the risk for ischemic stroke from the date of RH-PAT
testing. For all tests, a P value <0.05 was considered
statistically significant. All statistical analyses were per-
formed using JMP Pro software (SAS Institute, Cary,
NC) and R version 3.2.3 (R Foundation for Statistical
Computing, Vienna, Austria).

RESULTS

Demographic Characteristics

Between January 2006 and February 2014, 687 pa-
tients presented to the Mayo Clinic and underwent
RH-PAT testing using the EndoPAT 2000 device for
assessment of chest pain and/or cardiovascular risk.
Brain MRI images were available in 235 patients with-
out a documented history or current diagnosis of is-
chemic or hemorrhagic stroke at the time of brain MRI.
We excluded 16 patients because of artifacts or lack
of T1-weighed or fluid-attenuated inversion recov-
ery images, leaving a total of 219 patients in the final
analyses. Baseline demographic data are summarized
in Table 1. Patients were followed up for a median of



Toya et al

Table 1. Baseline Demographic Data

Impact of Peripheral Endothelial Dysfunction on WMH

All <50 years >50 years

N=219 n=88 n=131 P Value
Age, y 53.1+14.1 39.7£9.0 62.1£8.7 <0.0001
Men, n (%) 76 (35) 29 (33) 47 (36) 0.66
Hypertension, n (%) 108 (49) 25 (28) 83 (63) <0.0001
Diabetes mellitus, n (%) 25 (1) 5(6) 20 (15) 0.03
Dyslipidemia, n (%) 142 (65) 43 (49) 99 (76) <0.0001
Smoking history, n (%) 72 (33) 30 (34) 42 (32) 0.75
Chronic kidney disease, n (%) 38 (19) 79) 31 (25) 0.003
Coronary artery disease, n (%) 47 (22) 7 (8) 40 (31) <0.0001
Transient ischemic attack, n (%) 24 (11) 4 (5) 20 (15) 0.01
Atrial fibrillation, n (%) 11(5) 1(1) 10(8) 0.03
10-year Cardiovascular risk score 3.4 (1.3-9.5) 1.0 (0.5-21) 5.6 (2.6-12.7) <0.0001
RH-PAT index 2.1 (1.8-2.5) 21 (1.8-2.6) 21 (1.7-2.5) 0.48
Systolic BP, mm Hg 122117 116114 126+18 <0.0001
Diastolic BP, mm Hg 7412 74+14 74+10 0.98
LDL, mg/dL 105+41 11141 101+40 0.10
HDL, mg/dL 58+18 55+16 60+19 0.08
Triglyceride, mg/dL 112 (79-150) 114 (75-179) 112 (80-144) 0.66
Fasting plasma glucose, mg/dL 102+25 97+24 105+26 0.04
HbA1c, % 5.6 (6.2-6.0) 5.2 (56.0-5.5) 5.8 (6.6-6.7) <0.0001
Creatinine, mg/dL 0.93+0.25 0.88+0.17 0.97+0.29 0.01
eGFR, mL/min per 1.73 m? 74.4+20.9 81.8+20.3 69.5+19.8 <0.0001
Aspirin, n (%) 111 (51) 29 (33) 82 (63) <0.0001
Statins, n (%) 92 (42) 20 (23) 72 (55) <0.0001
Antihypertensive, n (%) 118 (54) 37 (42) 81 (62) 0.004
Antidiabetic, n (%) 21 (10) 3(4) 18 (14) 0.01

BP indicates blood pressure; eGFR, estimated glomerular filtration rate; HbA1c, hemoglobin Alc; HDL, high-density lipoprotein; LDL, low-density lipoprotein;

and RH-PAT, reactive hyperemia peripheral arterial tonometry.

6.5 years. The median duration between peripheral mi-
crovascular endothelial function testing and brain MRI
was 0 years (interquartile range, —1 to 2 years). Patients
aged >50 years (n=131) were significantly more likely
to have traditional cardiovascular risk factors (hyper-
tension, diabetes mellitus, dyslipidemia, and chronic
kidney disease) than patients aged <50 years (n=88).
The prevalence of preexisting coronary artery disease,
atrial fibrillation, and a history of transient ischemic
attack was also significantly higher in patients aged
>50 years than patients aged <50 years (Table 1).

Brain Volumetric Analysis

Volumetric data of the brain segments and WMH are
summarized in Table 2. The brain tissue volume, espe-
cially for white matter tissue, was significantly smaller
in patients aged >50 years than those aged <50 years,
whereas their cerebrospinal fluid volume was signifi-
cantly larger. Total gray matter volume was not differ-
ent between the 2 groups. Correlation between age
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and brain morphology was further subdivided by its
anatomical structure and is summarized in Figure S1.

Impact of Aging on WMH

WMH volume was significantly larger in patients aged
>50 years than those aged <50 years (Table 2). Scatter
plot showed that total volume of WMH/ICV (%) in-
creased with aging, and it became more prominent
in patients aged >50 years (Figure 1A). Regional dif-
ference in WMH volume with aging is summarized in
Figure S2. Correlation between age and WMH volume,
with further categorization based on age (>50 years
versus <50 years) and cerebral regions, is summa-
rized in Figure 1B. Total WMH volume/ICV (%) in-
creased with aging and became more prominent in
patients aged >50 years (<50 years, r=0.24; P=0.03;
>50years, r=0.62; P<0.0001, P for interaction <0.0001).
Interestingly, the impact of aging on WMH volume was
different among the cerebral regions. Correlation be-
tween age and periventricular WMH volume/ICV (%)
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Table 2. Brain Volumetric Segmentation Analysis

Impact of Peripheral Endothelial Dysfunction on WMH

All, <50 years >50 years

N=219 n=88 n=131 P Value
Tissue brain, cm? 1166+147 1197180 1145+115 0.02
Tissue brain/ICV, % 84.9+5.5 85.8+6.3 84.2+4.9 0.06
Tissue WM, cm?® 451+91 479+99 432+79 0.0003
Tissue WM/ICV, % 32.8+5.4 34.3+5.1 31.8+5.3 0.001
Tissue GM, cm?® 715118 7184137 713+104 0.79
Tissue GM/ICV, % 52.0+6.8 51.4+7.6 52.4+6.2 0.33
CSF, cm® 208+80 196+83 21677 0.08
CSF/ICV, % 161+5.5 14.2+6.3 15.8+4.9 0.06
WMH no. 12 (6-19) 7 (3-12) 15 (9-22) <0.0001
WMH, cm?® 0.8 (0.2-3.0) 0.3(0.1-0.8) 1.6 (0.6-5.4) <0.0001
WMH/ICV, % 0.06 (0.02-0.23) 0.02 (0.00-0.06) 0.12 (0.05-0.39) <0.0001
WMH/WM, % 0.14 (0.04-0.54) 0.05 (0.01-0.13) 0.32 (0.10-1.06) <0.0001

CSF indicates cerebrospinal fluid; GM, grey matter; ICV, intracranial volume; WM, white matter; and WMH, white matter hyperintensity.

was similar between patients aged >50 years and
those aged <50 years (<50 years, r=0.26; P=0.02;
>50 years, r=0.32; P=0.001, P for interaction <0.0001).
Correlation between age and juxtacortical WMH was
not significant in patients aged <50 years, whereas a
moderate significant positive correlation was observed
in those aged >50 years (<50 years, r=0.09; P=0.40;
>50 years, r=0.55; P<0.0001, P for interaction <0.0001).
Correlation between age and deep WMH was not sig-
nificant in patients aged <50 years, whereas mild posi-
tive correlation was observed in those aged >50 years
(<50 years, r=0.19; P=0.08; >50 years, r=0.31; P=0.001,
P for interaction=0.16).

Impact of Peripheral Microvascular
Endothelial Function on WMH

To investigate the independent effect of peripheral mi-
crovascular endothelial function on WMH volume, mul-
tiple regression analysis was performed. RH-PAT index
was not significantly associated with LN total WMH
volume/ICV (%); however, lower LN RH-PAT index was
significantly associated with higher LN juxtacortical
WMH volume/ICV (%) in patients aged >50 years even
after adjustment for age, other risk factors (hyperten-
sion, dyslipidemia, diabetes mellitus), coronary artery
disease, atrial fibrillation, transient ischemic attack his-
tory, and duration between RH-PAT testing and brain
MRI (LN RH-PAT index, unstandardized (3 coefficient
-0.77, standardized [3 coefficient —0.17; P=0.04, P
for interaction with age=0.15) (Figure 2A through 2D).
Hypertension was marginally associated with higher
LN total WMH volume/ICV (%) and LN juxtacortical
WMH volume/ICV (%) in patients aged >50 years after
adjustment for the same covariates (standardized 3 co-
efficient 0.16, P=0.05; standardized [3 coefficient 0.17,
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P=0.12). In patients aged >50 years, only atheroscle-
rotic cardiovascular disease risk score and LN RH-PAT
index was significantly associated with LN juxtacortical
WMH volume/total WMH volume (%), whereas indi-
vidual cardiometabolic risk factors were not (Table 3).

Impact of WMH on Future Risk of
Ischemic Stroke

We identified 13 patients who developed ischemic
stroke (1 cardioembolic and 12 lacunar strokes) dur-
ing median (interquartile range) follow-up of 6.5 years
(1.3-8.8 years) (1.0% per person-year). To elucidate
the impact of WMH on the future risk of ischemic
stroke, Cox proportional HR analysis was performed.
Total WMH volume/ICV (%) was significantly associ-
ated with an increased risk of ischemic stroke, with an
HR of 1.48 (95% CI, 1.08-2.04; P=0.02). Interestingly,
only juxtacortical WMH volume was significantly asso-
ciated with an increased risk of ischemic stroke, with
an HR of 1.47 (95% ClI, 1.05-1.92; P=0.03) (Figure 3).
These associations remained significant even after
adjustment for diabetes mellitus (total WMH vol-
ume/ICV [%]: adjusted HR, 1.45; 95% ClI, 1.05-2.00;
P=0.08; juxtacortical WMH volume/ICV [%]: adjusted
HR, 1.46; 95% CI, 1.04-1.94; P=0.03). Increased
volume of total and juxtacortical WMH tended to be
associated with an increased risk of ischemic stroke
after adjustment for hypertension (total WMH vol-
ume/ICV [%]: adjusted HR, 1.33; 95% ClI, 0.95-1.90;
P=0.10; juxtacortical WMH volume/ICV [%]: adjusted
HR, 1.33; 95% ClI, 0.93-1.79; P=0.08) or dyslipidemia
(total WMH volume/ICV [%]: adjusted HR, 1.37; 95%
Cl, 0.98-1.90; P=0.10; juxtacortical WMH volume/ICV
[%]: adjusted HR, 1.37; 95% CI, 0.97-1.81; P=0.07),
whereas these association became less relevant after
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Figure 1. Correlation between age and WMH.

A, Scatter plot showing the association between age and total WMH volume/ICV (%). WMH volume/
ICV (%) increases with aging, but becomes more prominent after age 50 years. B, Heat map showing
the Pearson correlation (r) between age and WMH lesion count and volume. WMH volume is shown in
LN absolute volume (mm3), normalized by intracranial volume (%) and by white matter volume (%). ICV
indicates intracranial volume; LN, natural log; WM, white matter; and WMH, white matter hyperintensity.

adjustment for age (total WMH volume/ICV [%]: ad-
justed HR, 1.22; 95% ClI, 0.78-1.92; P=0.38; juxtacor-
tical WMH volume/ICV [%]: adjusted HR, 1.19; 95%
Cl, 0.78-1.76; P=0.39). There was a borderline sig-
nificant association between peripheral microvascu-
lar endothelial dysfunction defined as RH-PAT index
<2.0"® and an increased risk of ischemic stroke with
a HR of 2.84 (95% ClI, 0.92-10.47; P=0.07).
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DISCUSSION

This study demonstrated that WMH increased with
aging, and became particularly prominent after
age 50 years. Despite similar cerebral parenchymal
changes in brain MRI, this study also highlighted the
regional difference of WMH volume with aging, poten-
tially reflecting a different underlying pathophysiology
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Figure 2. Impact of RH-PAT index on WMH volume/ICV (%).

Scatter plot showing the association between RH-PAT index and (A) total, (B) periventricular, (C) juxtacortical, and (D) deep WM WMH
volume/ICV (%). The values of 3 coefficients from linear regression models adjusted for age, hypertension, dyslipidemia, diabetes
mellitus, atrial fibrillation, transient ischemic attack history, coronary artery disease, and duration between RH-PAT testing and brain
magnetic resonance imaging are shown in the figures. Lower LN RH-PAT index is significantly associated with higher juxtacortical
WMH volume/ICV (%) in patients aged >50 years. ICV indicates intracranial volume; LN, natural log; RH-PAT, reactive hyperemia
peripheral arterial tonometry; WM, white matter; and WMH, white matter hyperintensity.

of WMH among cerebral regions. Interestingly, in pa-
tients aged >50 years, peripheral microvascular en-
dothelial dysfunction was associated with an increased
volume of WMH in the juxtacortical white matter, which
in turn was significantly associated with an increased
risk of ischemic stroke. This study suggests the impact
of microvascular endothelial dysfunction on future risk
of ischemic stroke potentially through regional loss of
cerebrovascular reserve.

Different Pathophysiology of WMH in
Different Regions

WMH is considered to be a sign of small vessel dis-
ease related to chronic hypoperfusion and alterations

J Am Heart Assoc. 2021;10:e021066. DOI: 10.1161/JAHA.121.021066

in the blood-brain barrier.'® Age and hypertension are
established risk factors for the progression of WMH.
However, other conventional cardiovascular risk fac-
tors, such as dyslipidemia and diabetes mellitus, are
not consistently associated with WMH,'® which dis-
favors vascular dysfunction as the origin of all WMH.
Previous postmortem studies suggest that multiple
histopathological findings can correspond to WMH
on brain MRI, such as nonspecific demyelination, ax-
onal loss, or higher levels of microglial activation.?9-22
Furthermore, the juxtacortical WMH is more relevant to
cognitive decline as compared with deep and periven-
tricular WMH, suggesting regional differences in WMH
in terms of the underlying pathophysiology and clini-
cal implications.'” Another observation also suggested
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Table 3. Effects of Cardiometabolic Risk Factors on LN Juxtacortical WMH Volume/Total WMH Volume (%) (>50 years)

Standardized

Unstandardized Coefficient Coefficient

B Standard Error B t P Value
Hypertension 0.92 213 0.03 0.43 0.66
Systolic blood pressure, mm Hg —-0.004 0.12 -0.002 -0.03 0.97
Diabetes mellitus 3.59 3.44 0.07 1.04 0.30
HbAT1c, % -0.29 4.07 -0.01 -0.07 0.94
Fasting plasma glucose, mg/dL 0.11 0.09 0.09 1.22 0.22
Dyslipidemia -1.78 2.23 -0.06 -0.80 0.43
LDL-C, mg/dL -0.01 0.05 -0.01 -0.11 0.91
Triglyceride, mg/dL 0.02 0.02 0.07 0.93 0.36
Smoking history 0.59 2.27 0.02 0.26 0.80
10-year ASCVD risk score 0.61 0.27 019 2.25 0.03
LN RH-PAT index -18.23 7.70 -017 -2.37 0.02

ASCVD indicates atherosclerotic cardiovascular disease; HbAlc, hemoglobin Atc; LDL-C, low-density lipoprotein cholesterol; LN, natural log; RH-PAT,
reactive hyperemia peripheral arterial tonometry; and WMH, white matter hyperintensity.

that juxtacortical lesions can be related to a wide va-
riety of neurologic symptoms, including headache,
insomnia, anxiety, and depression.?® In this study, we
observed a significant association between peripheral
microvascular endothelial dysfunction and increase in
juxtacortical WMH volume. Interestingly, the periven-
tricular and deep white matter has been considered to
be more vulnerable to ischemic insult than juxtacortical
white matter, because the former 2 regions are sup-
plied by nonoverlapping terminal arterioles with limited
collateral flow compared with juxtacortical WMH.242°
One possible explanation to this discrepancy could
be the difference between macrovascular versus mi-
crovascular function, given that RH-PAT index is an
indicator of microvascular rather than macrovascular

vasomotor response. However, our observation should
be validated in other larger populations.

Endothelial Dysfunction and WMH

Endothelial dysfunction may theoretically contribute to
histopathological cerebral parenchymal alterations ob-
served in WMH, given the crucial role of the endothelium
in the cerebral circulation: (1) endothelial cells are the site
of blood—brain barrier, controlling the movement of ions,
molecules, and cells; (2) endothelial cells affect resting
cerebral blood flow as well as vasomotor responses
to shear stress, neurotransmitters, and metabolic fac-
tors; and (3) endothelial cells affect the function of neu-
rons, microglia, and oligodendrocytes.?® We previously

HR 95% CI P value
Total- S 1.48 [1.08,2.04] 0.02
Periventricular - —a— 1.22 [1.00,1.54] 0.05
Juxtacortical - I—l—l 1.47 [1.05,1.92] 0.03
Deep WM . 0.54 [0.06,2.02] 0.42
1 l 1 1 1
0.0 0.5 1.0 1.5 2.0 25

Figure 3. Regional WMH volume and future risk of ischemic stroke.

Forest plot showing the association between WMH volume/ICV (%) and future risk of ischemic stroke.
Cox proportional HR analysis shows that total WMH volume/ICV (%) and juxtacortical WMH volume/ICV
(%) is significantly associated with an increased risk of ischemic stroke during follow-up. ICV, intracranial
volume; HR, hazard ratio; WM, white matter; and WMH, white matter hyperintensity.
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showed that peripheral microvascular endothelial dys-
function per se is associated with an increased risk of
ischemic stroke." However, there is a lack of evidence
to show its mechanistic link to ischemic stroke. In this
study, we demonstrated the association between micro-
vascular endothelial dysfunction and juxtacortical WMH,
where WMH volume is significantly associated with fu-
ture risk of ischemic stroke. The proportion of juxtacorti-
cal WMH out of total WMH was significantly associated
with overall cardiovascular risk and RH-PAT index, con-
sistent with the significant association between higher
cardiovascular risk burden and WMH.?” These results
may indicate the systemic nature of endothelial dysfunc-
tion reflecting summative contribution of cardiovascular
risk factors, and may partly explain the mechanistic link
between peripheral microvascular endothelial dysfunc-
tion and ischemic stroke. We previously demonstrated
that peripheral microvascular endothelial dysfunction
could identify high-risk patients for ischemic stroke and
other cardiovascular diseases in individuals with chest
pain and minimal cardiovascular risk"?®; however, it is
not elucidated if assessment of microvascular endothe-
lial function could provide further prognostic information
above and beyond conventional risk factors in the gen-
eral population, requiring future studies.

Limitations

This study has several limitations. First, because of its
observational cohort design, it is challenging to derive
causal associations from the current study. The evalu-
ation of RH-PAT and brain MRI was performed at the
discretion of the evaluating physician. Some selection
bias cannot be excluded, thus potentially affecting
the generalizability of current observation, requiring
future validation studies. Also, there was some time
lag between RH-PAT testing and brain MRI (median
[interquartile range], 0 [-1 to 2] years); however, even
after adjustment for this lag, peripheral microvascular
endothelial dysfunction was independently associated
with an increased volume of juxtacortical WMH in pa-
tients aged >50 years. The lack of data on cognitive
function limited our ability to meaningfully show the
effects of aging and microvascular endothelial dys-
function on the association between WMH and cog-
nitive decline/dementia. Second, we measured WMH
lesion count and volume using the automated digital
tool. Although validated in previous studies,'*'> mis-
classification of the lesions might have occurred; how-
ever, to minimize this risk, we excluded patients with a
documented history or a current diagnosis of stroke.
The presence of central nervous system tumors and
inflammatory/infective diseases was also ruled out in
all patients by experienced neuroradiologists and/or
neurologists at Mayo Clinic. Exclusion of patients with
a documented history or current diagnosis of stroke
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might have weakened the association between pe-
ripheral endothelial dysfunction and WMH in periven-
tricular/deep white matter regions. However, previous
observation showing that the serum levels of apoB
(apolipoprotein B) (contributing to atherosclerosis?®)
and homocysteine (contributing to endothelial dys-
function®) are associated with juxtacortical WMH may
support our current observation.?® Finally, because of
the small number of events during the follow-up, the
hazard risk of ischemic stroke was not adjusted for
other possible covariates, requiring further studies to
validate our current observation. Also, previously ob-
served association between peripheral microvascular
endothelial dysfunction and ischemic stroke' was mar-
ginal in this study; thus, mediation analysis should be
performed in a larger cohort to show the link between
peripheral microvascular endothelial dysfunction and
ischemic stroke through juxtacortical WMH.

CONCLUSIONS

Aging, especially for patients aged >50 years, is as-
sociated with cerebral parenchymal changes charac-
terized by WMH. Peripheral endothelial dysfunction
is associated with loss of juxtacortical white matter,
where WMH could act as a potential marker to pre-
dict future risk of ischemic stroke. This study suggests
the regional difference in pathophysiology and clinical
consequences of WMH, requiring further validation.
Whether improvement in endothelial dysfunction trans-
lates into a reduction of regional volume of WMH and
incidence of ischemic stroke remains to be determined
in future studies.
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Figure S1. Change of brain morphology with aging.
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Heat map showing the Pearson’s correlation (r) between age and volume of brain structure
normalized by ICV (%). CSF, cerebrospinal fluid; GM, grey matter; ICV, intracranial volume;
WM, white matter.



Figure S2. Regional difference in LN WMH volume/ICV (%).
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Scatter plot showing the association between age and regional WMH volume/ICV (%). ICV,
intracranial volume; WMH, white matter hyperintensity.



