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Endothelial dysfunction is associated with the
severity of cerebral small vessel disease

Tomohisa Nezu1, Naohisa Hosomi1, Shiro Aoki1, Satoshi Kubo1, Mutsuko Araki1, Tomoya Mukai1,
Tetsuya Takahashi1, Hirofumi Maruyama1, Yukihito Higashi2 and Masayasu Matsumoto1

The pathogenesis of cerebral small vessel disease, a disease that involves white matter lesions (WMLs) and cerebral microbleeds

(CMBs), is thought to be associated with endothelial dysfunction. Flow-mediated dilation (FMD) has been used to measure

endothelium-dependent vasodilation. The aim of this study was to investigate the association between endothelial function (as

measured by FMD) and cerebral small vessel disease. Patients with a history of cerebrovascular disease and comorbidities were

enrolled in this study (n=102; 69 males, 70.1±9.2 years). The patients were divided into two groups according to the severity

of WMLs, which were assessed by Fazekas classification; grades 0 to 1 as mild WMLs group and grades 2 to 3 as severe WMLs

group. A gradient-echo MRI was performed in 96 patients (94.1%) to evaluate whether CMBs were present. The patients in the

severe WMLs group (n=40) were older (P=0.001), more frequently exhibited hypertension (P=0.045) and diabetes mellitus

(P=0.026) and possessed lower FMD values (Po0.001) than the patients in the mild WMLs group (n=62). CMBs were

observed in 30 patients (31.3%). Using receiver operating characteristic curves, the optimal FMD cutoff values for predicting the

presence of severe WMLs and CMBs were 3.9% and 3.7%, respectively. On multivariate logistic analysis, FMD o4.0% (odds

ratio 9.50; 95% confidence interval 3.55–28.83) was independently associated with severe WMLs. Additionally, FMD o3.8%

(5.82; 2.23–16.50) was also associated with the presence of CMBs. Endothelial dysfunction as evaluated by FMD may be

predictive of the severity of cerebral small vessel disease.
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INTRODUCTION

Cerebral small vessel diseases such as white matter lesions (WMLs),
lacunar infarcts and cerebral microbleeds (CMBs) are known to
cause cognitive impairment, dementia and disability.1–3 Additionally,
patients with cerebral small vessel diseases have an elevated
long-term risk of stroke recurrence and unfavorable stroke
outcomes.4,5 The pathological changes associated with cerebral small
vessel disease include arteriosclerosis, fibrinoid necrosis and
lipohyalinosis.6–8 These changes lead to cerebral parenchymal damage
that is both ischemic and hemorrhagic and based on mechanisms such
as chronic hypoperfusion and damage to the blood–brain barrier.9,10

The pathogenesis of cerebral small vessel disease is thought to be
associated with endothelial dysfunction and inflammation.11,12 The
severity of this disease is frequently evaluated with neuroimaging
techniques such as MRI. Surrogate markers associated with endothelial
dysfunction and inflammation that can be used to evaluate the
pathophysiology and therapeutic effects of cerebral small vessel disease
are necessary.

The ultrasonographic assessment of brachial artery flow-mediated
dilation (FMD) is a noninvasive and useful method that has been
recently used to measure endothelium-dependent vasodilation.13

Several studies have reported that impaired FMD occurs in
patients with coronary artery disease and cardiovascular risk
factors.14–17 Furthermore, a recent systematic review and meta-analysis
showed that impaired FMD is a predictor of future cardiovascular
events.18 However, little is known about the relationship between
cerebral small vessel disease and FMD. A study involving 25 older
patients with cardiovascular disease reported that the severity of FMD
is related to the volume of the WMLs.19 However, it is unclear
whether FMD is also associated with the presence of CMBs and
other biological findings such as inflammation and altered glucose and
lipid levels.
The aim of this study was to investigate the association between

endothelial function (evaluated by FMD) and the severity of cerebral
small vessel disease in patients with chronic cerebrovascular disease
and comorbidities.
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METHODS

Subjects
This was a single-center hospital-based prospective study. The study protocol
was governed by the guidelines of the national government based on the
Helsinki Declaration revised in 1983. The study was approved by the
Institutional Research and Ethics Committee of our hospital. All of the patients
provided written informed consent to participate in the study. Patients with
cerebrovascular disease (at least 6 months after the stroke onset) and other
atypical neurological problems who were undergoing a clinically indicated
ultrasonographic examination of their carotid artery systems were enrolled
between November 2012 and April 2014 at the Hiroshima University Hospital.
All of the patients underwent MRI, carotid ultrasonography and FMD studies.
Baseline clinical characteristics, including age, sex, hypertension, diabetes
mellitus, dyslipidemia, atrial fibrillation, renal dysfunction, history of stroke
(ischemic or hemorrhagic), coronary artery disease and current smoking status
were recorded. In addition to obtaining a medical history, relevant risk factors
were identified from a self-reported medical history or inferred from medica-
tions prescribed by the primary physician. Criteria for hypertension, diabetes
mellitus and dyslipidemia were previously defined.20 Renal functioning was
calculated with the estimated glomerular filtration rate (eGFR) using a revised
equation for the Japanese population as follows: eGFR (mlmin− 1

1.73m− 2)= 194× (serum creatinine)− 1.094 × (age)− 0.287 × 0.739 (for
women).21 Renal dysfunction was defined as an eGFR o60mlmin− 1 1.73
m− 2. Stroke subtypes were assessed according to the Trial of Org 10172 in
Acute Stroke Treatment (TOAST) category.22 The carotid ultrasonography,
FMD study and blood sample collection were performed in the morning on the
same day. The MRI study was performed within 3 months before or after the
day when the FMD study was performed.

Carotid ultrasonography
The common carotid arteries (CCAs) were evaluated using high-resolution
B-mode duplex ultrasonography with a 7.5-MHz linear-type probe (Aplio,
Toshiba Medicals, Tokyo, Japan). Bilateral optimal visualization of the carotid
artery was performed with the patients lying in the supine position with their
necks slightly extended. We measured the maximal intima-media thickness
(IMT) at the far wall of the distal CCA (CCA-IMT), which is the 10-mm
section of the artery proximal to the starting point of the carotid bulb. Plaques
in the accessible segments of the CCA and the internal carotid artery were
described in terms of plaque scores.23 The plaque score is the sum of the
heights of all present bilateral plaques. Plaques were defined as IMT ⩾ 1.1mm.

FMD and nitroglycerin-mediated vasodilation (NMD)
The patients were requested to abstain from alcohol, smoking and caffeine on
the day of the FMD examination. The FMD examination was conducted during
a fasting state in the morning, and only drinking water was given to the
patients. Most of the medications taken by the patients were withheld; only
those that were deemed necessary (such as antithrombotic therapies) were
administered at the discretion of the attending physician. The FMD was
measured with a high-resolution linear artery transducer that was coupled to
computer-assisted analysis software (UNEXEF38G, UNEX, Nagoya, Japan) as
detailed previously.24,25 Briefly, the FMD protocol was as follows: a blood
pressure cuff was placed around the forearm of the patient. The brachial artery
was scanned longitudinally 5–10 cm above the elbow with a special probe
holder (UNEX) to ensure the consistency of the B-mode image. The diameter
of the artery was automatically tracked, and the waveform of diameter changes
over the cardiac cycle was displayed in real time using the FMD mode of the
tracking system. A baseline longitudinal image of the artery was acquired for
30 s and the blood pressure cuff was inflated to 50mm Hg above systolic
pressure for 5 min. Pulsed Doppler velocity signals were obtained for 20 s at
baseline and for 10 s immediately after cuff deflation. Changes in the diameter
of the brachial artery were immediately expressed as the percent change relative
to the vessel diameter before cuff inflation. The FMD was automatically
calculated as the percent change in peak vessel diameter from the baseline
value; %FMD (peak diameter− baseline diameter/baseline diameter) was used
for the analysis. The nitroglycerin response was used to measure endothelium-
independent vasodilation. After acquiring a baseline resting image for 30 s, a

75-μg tablet of nitroglycerin was administered sublingually to the patient, and
images of the artery were recorded continuously for 8 min. The NMD was
automatically calculated as the percent change of the peak vessel diameter from
the baseline value; %NMD (peak diameter− baseline diameter/baseline dia-
meter) was used for the analysis. A single investigator (TN) who was unaware
of the clinical details of the patient performed the FMD and NMD evaluations
of all of the patients. The intra-observer coefficients of variation were 1.2% for
the baseline brachial artery diameter among all patients and 11.1% for the FMD
in 18 randomly selected patients.

Magnetic resonance imaging
An MRI was performed with a 1.5 T scanner (SIGNA, GE Medical Systems,
Fairfield, CT, USA or Magneton Symphony Advanced or Avanto, Siemens
Medical Systems, Erlangen, Germany) or a 3.0 T scanner (SIGNA). The
imaging protocol consisted of a T1-weighted spin-echo, a T2-weighted spin-
echo and fluid-attenuated inversion recovery. The severity of WMLs was rated
visually from the fluid-attenuated inversion recovery images using the Fazekas
scale as follows: no lesions (grade 0), punctate lesions (grade 1), early confluent
lesions (grade 2) and confluent lesions (grade 3).26 The patients with WMLs of
grades 0 to 1 were assigned to the mild WMLs group, and those with WMLs of
grades 2 to 3 were assigned to the severe WMLs group. Additionally, a gradient-
echo T2*-weighted MRI (GRE) was performed to evaluate the presence of
CMBs. CMBs were defined as homogeneous round lesions with diameters
⩽ 10mm characterized by signal intensity loss as shown by the GRE. The
locations of CMBs were classified as follows: lobar (cortex, subcortex and white
matter), deep (basal ganglia, thalamus, brain stem and cerebellum) and mixed
(both lobar and deep). Lesions exhibiting signal intensity loss in the globus
pallidus or subarachnoid space and diffuse axonal injury were excluded based
on appearance or clinical history.27 Two stroke neurologists (TN and MA) who
were unaware of the clinical details of the patients graded the severity of the
WMLs and identified CMBs, respectively.

Statistical analysis
Statistical analyses were performed using the JMP 10.0 statistical software
(SAS Institute, Cary, NC, USA). The data are expressed as the means± s.d. or
medians (interquartile range) for the continuous variables and as frequencies
and percentages for the discrete variables. The statistical significances of the
inter-group differences were assessed by χ2 tests, unpaired t-tests, the Mann-
Whitney U test or Dunnett’s test as appropriate. The relationships between
FMD levels and other factors (age, body mass index, CCA-IMT, plaque score,
systolic blood pressure, diastolic blood pressure, laboratory findings, brachial
artery diameter and NMD) were examined by Spearman’s correlation. To
obtain the cutoff FMD levels for predicting the severity of WMLs or the
presence of CMBs, receiver operating characteristic (ROC) curves were
constructed. The areas under the ROC curves were compared with the
nonparametric method.28 Multiple logistic regression analysis with the back-
ward selection method was performed to determine indicators from age, sex,
body mass index, smoking, hypertension, diabetes mellitus, dyslipidemia, atrial
fibrillation, renal dysfunction, history of stroke, history of coronary artery
disease, CCA-IMT, plaque score, brachial artery diameter and FMD values, that
were associated with the severity of WMLs or the presence of CMBs. FMD
values were assessed by the cutoff FMD levels based on ROC curves or the 1- s.
d. increase variable. In the multivariate model, variables with a P-value for the
likelihood ratio test 40.10 on univariate analysis were excluded. Statistical
significance was established at Po0.05.

RESULTS

A total of 102 patients (69 males, 70.1± 9.2 years of age) were enrolled
in the study. The baseline clinical characteristics of the patients are
presented in Table 1. The univariate regression analysis revealed that
FMD was significantly correlated with age (r=− 0.27, P= 0.007), body
mass index (r=− 0.26, P= 0.010), CCA-IMT (r=− 0.23, P= 0.020),
plaque scores (r=− 0.31, P= 0.002), eGFR (r= 0.20, P= 0.045),
C-reactive protein levels (r=− 0.25, P= 0.013), high-density
lipoprotein cholesterol levels (r= 0.26, P= 0.009), triglyceride levels
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(r=− 0.28, P= 0.004), brachial artery diameter (r=− 0.34, Po0.001)
and NMD (r= 0.40, Po0.001).
Of 102 patients, 61 patients had a history of ischemic stroke,

3 patients had a history of transient ischemic attack, and 8 patients had
a history of intracranial hemorrhage caused by hypertension. There
was no significant difference in FMD values among the patients
according to stroke subtypes (non-stroke, 4.61± 2.31%; cardioembo-
lism, 4.93± 2.47%; large-artery atherosclerosis, 3.80± 1.94%;
small-artery occlusion, 3.55± 1.40%; others, 4.71± 2.26%; transient
ischemic attack, 3.00± 0.92%; intracranial hemorrhage, 3.28± 2.14%;
P= 0.210, respectively). On the other hand, the patients with small-
artery occlusion or intracranial hemorrhage (n= 27) had significantly
impaired FMD compared with the other patients (3.47± 1.61 vs.
4.53± 2.26%, P= 0.027). Although there was no significant difference
in WMLs between the patients with small-artery occlusion or
intracranial hemorrhage and those without (Fazekas grading scores,
median [interquartile range] 2 [1–2] vs. 1 [0–2], P= 0.099), the
patients with small-artery occlusion or intracranial hemorrhage had
higher rates of the presence of CMBs compared with the other patients
(54.2 vs. 23.6%, P= 0.010).

Associations between FMD and WMLs
FMD was associated with the severity of WMLs (Figure 1). The
patients were assigned to the severe WMLs group or the mild WMLs
group (Table 2). The patients in the severe WMLs group were older
(P= 0.001) and more frequently exhibited hypertension (P= 0.045)
and diabetes mellitus (P= 0.026) than the patients in the mild WMLs
group. Serum levels of HbA1c and fasting blood glucose were higher
in the patients with severe WMLs than in the patients with mild
WMLs (P= 0.012 and P= 0.016, respectively). A greater impairment
in FMD was found in the patients with severe WMLs than in the
patients with mild WMLs (Po0.001); however, there was no
significant difference in NMD between the two groups. There were
no significant differences in medication use between the groups. The
optimal FMD cutoff value for predicting the severity of WMLs was 3.9,
with a sensitivity of 82.5% and a specificity of 66.1%. The area under
the ROC curve was significantly larger for FMD (0.775, 95%
confidence interval (CI) 0.670–0.854) than for NMD (0.598, 95%
CI 0.484–0.703) (Figure 2a, P= 0.004). The multivariate logistic
analysis indicated that increased age (odds ratio (OR) 1.11, 95% CI
1.04–1.19) and FMD o4.0% (OR 9.50, 95% CI 3.55–28.83) were
independently associated with the severity of WMLs. FMD values (per
1-s.d. increase) were also associated with the severity of WMLs after
multiple logistic regression analysis (OR 0.34, 95% CI 0.17–0.63).

Associations between FMD and CMBs
A gradient-echo T2*-weighted MRI (GRE) was performed in 96
patients (94.1%). CMBs were observed in 30 of these patients (31.3%);
15 patients had a single CMB and 15 had multiple CMBs. These CMBs
were found in deep locations, lobar locations and mixed locations
(n= 14, 9 and 7, respectively). FMD values for the patients are shown
in Figure 3. The 96 patients were classified as either having or lacking
CMBs (Table 2). The patients with CMBs were older (P= 0.036) and
more frequently afflicted with hypertension (P= 0.016) than those
without CMBs. The systolic blood pressure, plaque score and brachial
artery diameter were higher in the patients with CMBs than in the
patients without CMBs (P= 0.016, P= 0.020 and P= 0.021, respec-
tively). Additionally, FMD and NMD were lower in the patients with
CMBs than in the patients without CMBs (P= 0.002 and Po0.001,
respectively). There were no significant differences in medication use,
including antithrombotic agents, between the groups. The optimal

Table 1 Baseline characteristics

n=102

Age (years) 70.1±9.2

Male 69 (67.6)

BMI (kgm−2) 22.8±3.0

Smoker 8 (7.8)

Hypertension 72 (70.6)

Diabetes mellitus 30 (29.4)

Dyslipidemia 63 (61.8)

Atrial fibrillation 15 (14.7)

Renal dysfunction 34 (33.3)

SBP (mmHg) 132.0±20.2

DBP (mmHg) 77.8±12.8

History of stroke 72 (70.6)

Cardioembolism 18 (17.6)

Large-artery atherosclerosis 10 (9.8)

Small-artery occlusion 19 (18.6)

Others 14 (13.7)

Transient ischemic attack 3 (2.9)

Intracranial hemorrhage 8 (7.8)

History of coronary artery disease 10 (9.8)

MRI findings
White matter lesions

Fazekas Grade 0 23 (22.5)

Fazekas Grade 1 39 (38.2)

Fazekas Grade 2 29 (28.4)

Fazekas Grade 3 11 (10.8)

Presence of CMBs (n=96) 30 (31.3)

Presence of multiple CMBs (n=96) 15 (15.6)

Physiological findings
CCA-IMT (mm) 1.71±0.81

Plaque score 4.3 (1.5–9.35)

Brachial artery diameter (mm) 4.02±0.71

FMD (%) 4.25±2.15

NMD (%) 13.30±5.04

Laboratory findings
CRP, log (mg dl−1) −1.18±0.55

HbA1c (%) 5.95±0.75

FBG (mg dl−1) 111.8±24.3

LDL cholesterol (mg dl−1) 109.4±26.3

HDL cholesterol (mg dl−1) 63.9±21.3

TG (mg dl−1) 105.6±46.1

eGFR (mlmin−1 1.73m−2) 66.9±17.5

Medications
Antiplatelet agent 55 (53.9)

Anticoagulant agent 24 (23.5)

ACE inhibitor or ARB 43 (42.2)

Calcium channel blocker 35 (34.3)

Other antihypertensive agents 16 (15.7)

Statin 52 (51.0)

Oral hypoglycemic agent 26 (25.5)

Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin II receptor blocker; BMI,
body mass index; CCA, common carotid arteries; CMBs, cerebral microbleeds; CRP, C-reactive
protein; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; FBG, fasting
blood glucose; FMD, flow-mediated dilation; HDL, high-density lipoprotein; IMT, intima-media
thickness; LDL, low-density lipoprotein; NMD, nitroglycerin-mediated dilation; SBP, systolic
blood pressure; TG, triglycerides.
The data are presented as the mean± s.d. for age, BMI, SBP, DBP, CCA-IMT, brachial artery
diameter, FMD, NMD and laboratory findings, medians (interquartile ranges) for plaque score,
and numbers of patients (%) for the others.
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FMD cutoff value for predicting the presence of CMBs was 3.7, with a
sensitivity of 73.3% and a specificity of 68.2%. The area under the
ROC curve for FMD (0.719, 95% CI 0.599–0.815) was similar to that

obtained for NMD (0.755, 95% CI 0.639–0.843) (Figure 2b,
P= 0.557). The multivariate logistic analysis showed that the presence
of hypertension (OR 4.14, 95% CI 1.31–16.12, P= 0.024) and FMD
o3.8% (OR 5.82, 95% CI 2.23–16.50, P= 0.001) were independently
associated with the presence of CMBs. FMD values (per 1-s.d.
increase) were slightly associated, although not significantly, with the
presence of CMBs after multiple logistic regression analysis (OR 0.10,
95% CI 0.01–1.17, P= 0.068).

DISCUSSION

We found that impaired FMD was independently associated with the
severity of WMLs and the presence of CMBs in patients with chronic
cerebrovascular disease and comorbidities. Our results suggest that
endothelial dysfunction measured by FMD might be associated with
the pathogenesis of cerebral small vessel disease, independent of
classical cardiovascular risk factors.
Studies using positron emission tomography have suggested that

WMLs are caused by chronic hypoperfusion associated with the
progression of cerebral small-artery damage.29,30 In addition,
the impairment of vascular reactivity is thought to contribute to the
development of WMLs. Although studies evaluating cerebral vascular
reactivity have been performed to elucidate the association between
cerebral vascular reactivity and WMLs, this association remains
controversial.31–36 These inconsistencies may have arisen because
different modalities have been used to evaluate cerebral vascular
reactivity, including transcranial Doppler ultrasound, perfusion MRI,
xenon inhalation computed tomography, single photon emission
computed tomography, positron emission tomography and vasodila-
tory stimulus methods such as CO2 inhalation, breath-holding
hyperventilation tests and the acetazolamide challenge test.31

Figure 1 Association between endothelial function as measured by flow-
mediated dilation (FMD) and the severity of white matter lesions according
to the Fazekas scale (grades 0, 1, 2 and 3). The bottom and top of the box
represent the 25th and 75th percentiles, respectively; the upper and lower
lines indicate the 10th and 90th percentiles, respectively. The band near
the middle of the box marks the median value. *Po0.050 vs. grade 0 as
determined by Dunnett’s test. **Po0.001 vs. grade 0 as determined by
Dunnett’s test.

Table 2 Baseline characteristics of patients assigned to different groups based on the severity of their WMLs and the presence of CMBs

WMLs CMBs

Mild WMLs n=62 Severe WMLs n=40 CMBs(− ) n=66 CMBs(+) n=30

Age (years) 67.6±9.9‡ 74.0±6.4 68.6±9.7* 72.8±7.4
Male 40 (64.5) 29 (73.0) 40 (60.6) 24 (80.0)
BMI (kgm−2) 22.2±3.9 23.2±3.1 22.5±2.7 23.2±3.6
Smoker 5 (8.1) 3 (7.5) 7 (10.6) 1 (3.3)
Hypertension 39 (62.9)* 33 (82.5) 40 (60.6)* 26 (86.7)
Diabetes mellitus 13 (21.0)* 17 (42.5) 17 (25.8) 10 (33.3)
Dyslipidemia 39 (62.9) 24 (60.0) 41 (62.1) 18 (60.0)
Atrial fibrillation 10 (16.1) 5 (12.5) 10 (15.2) 4 (13.3)
Renal dysfunction 18 (29.0) 16 (40.0) 23 (34.9) 9 (30.0)
SBP (mmHg) 129.1±20.9 136.6±18.4 129.0±21.1* 139.8±17.7
DBP (mmHg) 77.1±13.5 78.9±11.7 77.4±12.4 79.7±14.3
History of stroke 44 (71.0) 28 (70.0) 43 (65.2) 24 (80.0)
History of coronary artery disease 4 (6.5) 6 (15.0) 5 (7.6) 5 (16.7)
Physiological findings

CCA-IMT (mm) 1.68±0.85 1.76±0.76 1.68±0.85 1.86±0.76
Plaque score 3.3 (1.25–8.75) 6.75 (2.53–10.75) 3.3 (1.4–7.45)* 7.65 (3.3–13.53)
Brachial artery diameter (mm) 3.94±0.62 4.15±0.81 3.89±0.67* 4.25±0.72
FMD (%) 4.99±2.28§ 3.12±1.30 4.81±2.27† 3.36±1.47
NMD (%) 14.09±5.51 12.12±4.03 14.86±4.88§ 10.26±4.04

Laboratory findings
CRP, log (mg dl−1) −1.24±0.52 −1.08±0.60 −1.20±0.55 −1.09±0.59
HbA1c (%) 5.81±0.68* 6.19±0.81 5.89±0.66 6.08±0.95
FBG (mg dl−1) 107.1±20.4* 119.0±28.1 105.9±26.0 109.3±32.4
LDL cholesterol (mg dl−1) 111.4±28.2 106.3±23.0 110.7±26.3 111.0±26.7
HDL cholesterol (mg dl−1) 66.7±22.9 59.5±17.9 64.2±23.7 64.8±15.3
TG (mg dl−1) 102.3±42.3 110.7±51.6 108.2±46.7 102.2±37.5
eGFR (ml min−1 1.73m−2) 66.9±17.1 67.0±19.2 67.5±15.4 65.9±22.4

Abbreviations: BMI, body mass index; CMBs, cerebral microbleeds; CRP, C-reactive protein; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; FBG, fasting blood glucose;
FMD, flow-mediated dilation; HDL, high-density lipoprotein; IMT, intima media thickness; LDL, low-density lipoprotein; NMD, nitroglycerin-mediated dilation; SBP, systolic blood pressure; TG,
triglycerides; WML, white matter lesions.
*Po0.05; †Po0.01; ‡Po0.005; and §Po0.001.
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Moreover, the presence of major cerebral artery occlusive disease,
which has been strongly associated with impaired cerebral vascular
reactivity, should be considered.37 FMD has recently been used to
measure endothelium-dependent vasodilation in the brachial artery to
predict not only cardiovascular events but also systematic vascular
damage.13,18 The pathogenesis of cerebral small vessel disease, includ-
ing the occurrence of WMLs, is also thought to be associated with
endothelial dysfunction. Peripheral vascular reactivity measured by
FMD differs from CO2 reactivity or acetazolamide reactivity because
FMD reflects the intrinsic nitric oxide bioavailability of the vascular
endothelium. Only one study involving 25 older patients with
cardiovascular disease has described an association between impaired
FMD and the severity of WMLs.19 Our studies have provided
additional evidence of an association between endothelial dysfunction
and the development of WMLs. Further studies assessing the associa-
tion between FMD and cerebral vascular reactivity and the suitability
of FMD or cerebral vascular reactivity for the evaluation of the
pathophysiology of WMLs are needed.

Lacunar infarction, such as a small-artery occlusion, is one of the
cerebral small vessel diseases. Chen et al.38 observed that acute
ischemic stroke patients with lacunar infarction had significantly
impaired FMD compared with controls. Hypertensive intracranial
hemorrhage is also a cerebral small vessel disease. The present study
showed that the patients with small-artery occlusion or intracranial
hemorrhage had significantly impaired FMD compared with the other
patients. Another study reported that 18 patients with a chronic
lacunar infarction (44 weeks after stroke onset) experienced impaired
FMD.39 The authors of this study also evaluated cerebral vascular
reactivity to L-arginine as measured by transcranial Doppler ultra-
sound (which is thought to reflect cerebral endothelial functioning)
and found that L-arginine reactivity is also decreased in patients with a
lacunar infarction. Interestingly, both L-arginine reactivity and FMD
improved after 3 months of atorvastatin treatment. FMD may be a
surrogate marker that represents a therapeutic target for cerebral small
vessel disease, even though the severity of WMLs was not assessed in
these previous studies.
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Figure 2 (a) Receiver operating characteristic (ROC) curves of flow-mediated dilation (FMD) or nitroglycerin-mediated dilation (NMD) for predicting the
severity of white matter lesions. (b) ROC curves of FMD or NMD for predicting the presence of cerebral microbleeds.

Figure 3 (a) Association between endothelial function as measured by flow-mediated dilation (FMD) and the number of cerebral microbleeds. (b) Association
between endothelial functioning as measured by FMD and the locations of cerebral microbleeds. The bottom and top of the box represent the 25th and 75th
percentiles, respectively; the upper and lower lines indicate the 10th and 90th percentiles, respectively. The band near the middle of the box marks the
median value. *Po0.050 vs. none as determined by Dunnett’s test. **Po0.010 vs. none as determined by Dunnett’s test.
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In the present study, impaired FMD was independently associated
not only with the severity of WMLs but also with the presence of
CMBs. The analysis of ROC curves showed that NMD was useful for
predicting the presence of CMBs, as well as FMD. Because both
endogenous nitric oxide and administered nitroglycerin act on
vascular smooth muscle cells, NMD, which is an index of
endothelium-independent vasodilation and is assessed following
the sublingual administration of nitroglycerin, has been used as a
positive control measure when evaluating FMD to differentiate
between endothelium-dependent and endothelium-independent
vasodilation.40 Maruhashi et al.40 showed that FMD should be
interpreted as an index of vascular function reflecting both
endothelium-dependent vasodilation and endothelium-independent
vasodilation in subjects with impaired NMD. Pathological changes
associated with cerebral small vessel disease can lead to ischemic
consequences such as WMLs or lacunar infarctions and hemorrhagic
lesions such as CMBs.2 Hemorrhagic changes such as CMBs that
occur in patients with small vessel disease might be associated with
damage to vascular smooth muscle cells caused by endothelial
dysfunction, inflammation and the disruption of the blood–brain
barrier. Indeed, vasculopathy is characterized by the degeneration of
vascular smooth muscle cells and the accumulation of granular
osmiophilic material at the surfaces of these cells in patients with
cerebral autosomal dominant arteriopathy with subcortical infarcts.41

Moreover, amyloid β deposits were found in the vessel walls and
associated with the vulnerabilities of the cerebral small vessels in
patients with cerebral amyloid angiopathy.42 The present study
suggests that the pathophysiology underlying CMBs is not only
associated with endothelial dysfunction but also with vascular smooth
muscle cell dysfunction.
This study has several limitations. First, our study had a small

sample size and a cross-sectional design, which limited our ability to
make causal inferences. In addition, because only patients who
required an ultrasonographic examination of their carotid artery
systems were recruited in this study, most of the patients had a
history of stroke and had taken antiplatelet or anticoagulant medica-
tion. Therefore, the prevalence of CMBs was higher in the patients in
this study (31.3%) than in the general population,2 which may have
caused selection bias. Second, we could not identify CMBs in all of the
patients using the same MRI modality. MRI characteristics such as
pulse sequence, sequence parameters and magnetic field strength may
have affected the subtle appearances of the CMBs. Third, certain
medications (such as antithrombotic therapies) that, if withheld, could
have resulted in cardiovascular events were administered to the
patients. However, patients who received nitrates were not included,
which might have mitigated the impact of this issue. Although various
medications can modify endothelial functioning, our findings demon-
strated that impaired FMD was associated with severe cerebral small
vessel disease in real clinical situations.
In conclusion, endothelial dysfunction as measured by FMD was

associated with the severity of cerebral small vessel disease in patients
with chronic cerebrovascular disease and vascular risk factors. FMD
shows promise as a surrogate marker for the evaluation of the
pathophysiology of cerebral small vessel disease. A confirmation of
the present findings using patients in the general population is
necessary.
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