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ARTICLE INFO ABSTRACT

Handling editor: D Levy Background: Flow-mediated dilation (FMD) measures vascular endothelial function by evaluating the vaso-
dilatory response of blood vessels to increased blood flow. Nevertheless, the association between FMD and stroke

Keywords: incidence in a general population remains unclear. This study investigated the association between vascular

Atherosclerosis

endothelial function and stroke incidence in the general Japanese population.

Methods: Based on cohort data from the Tohoku Medical Megabank Community-based Cohort Study, participants
aged >18 years were recruited from Iwate Prefecture, with the final sample comprising 2952 subjects.

Results: The FMD level was 0.5%-27.1%, with a median of 5.0% (interquartile, 4.2%-11.3%). The mean follow-
up period was 5.5 + 1.8 years (range, 0.6-6.9 years). After dividing the participants into two subgroups ac-
cording to the median FMD value, a multivariate Cox regression analysis adjusting for gender, age, smoking,
alcohol consumption, systolic blood pressure, low-density lipoprotein cholesterol, estimated glomerular filtration
rate, N-terminal pro-brain natriuretic peptide, high-sensitivity cardiac troponin T and hemoglobin Alc revealed
that a lower FMD value was strongly associated with incidences of total stroke (hazard ratio[HR] = 2.13, 95%
confidence interval[CI] = 1.48-3.07, p < 0.001), ischemic stroke (HR = 3.33, 95%CI = 2.00-5.52, p < 0.001),
nonlacunar stroke (HR = 2.77, 95%CI = 1.49-5.16, p = 0.001), and lacunar stroke (HR = 5.12, 95%CI =
1.74-16.05, p = 0.003).

Conclusions: This study showed that a low FMD value might reflect vascular endothelial dysfunction and then was
associated with ischemic stroke incidence in the general Japanese population, suggesting that FMD can be used
as a tool to identify future stroke risk.

Cerebrovascular disease
Flow-mediated dilation
Follow-up study
Ischemic stroke

1. Introduction activators [1]. Although preventive treatments are available for stroke

risk factors such as hypertension, diabetes, dyslipidemia, smoking,

Stroke remains a common and life-threatening disease in the general alcohol consumption, and atrial fibrillation, the incidence remains high
population, despite recent advances in stroke management, such as [1].

intravenous thrombolysis with recombinant tissue plasminogen Atherosclerosis is one of the risk factors for stroke and is caused by
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atheroma formation due to the accumulation of low-density lipoprotein
(LDL) cholesterol in the arterial wall through an inflammatory mecha-
nism [2-6]. The initial stage of this atherogenic process is believed to be
a deterioration of vascular endothelial function, starting with a decrease
in the activity of nitric oxide secreted by vascular endothelial cells [7].

Flow-mediated dilation (FMD) uses ultrasound and a cuff to evaluate
the dilatation rate of blood vessels at rest and after de-energization and
can determine whether an endothelial function is deteriorating [8,9]. A
recent study reported that a low FMD value was associated with the
occurrence of cardiovascular events in patients with a history of coro-
nary artery disease [10]. Another study also reported that FMD values
were a significant predictor of cardiovascular events in adults [11].
Nonetheless, it has been uncertain whether vascular endothelial
dysfunction is associated with stroke incidence in the general
population.

Therefore, this study was conducted to evaluate whether vascular
endothelial function measuring FMD is associated with stroke incidence
in the general Japanese population.

2. Methods
2.1. Study population

Cohort data from the Tohoku Medical Megabank (TMM)
Community-based Cohort Study, a prospective cohort study, were used
in this investigation [12,13]. Participants were recruited from Iwate
Prefecture between May 2013 and March 2016, with the study popu-
lation comprising individuals aged >18 years. Participants were
excluded from the study if they had pacemaker implantation, contin-
uous dialyzes, and self-reported cardiovascular diseases (CVD),
including myocardial infarction, angina pectoris, aortic aneurysm,
aortic dissection, heart failure, atrial fibrillation, ventricular fibrillation
and stroke, and intake of vasodilatory drugs including calcium antago-
nist and nitric acid medicine. Participants lacking details regarding
baseline characteristics and laboratory or follow-up data were also
excluded. This study was approved by the Ethics Committee of Iwate
Medical University (HGH25-2, MH2022-147), and informed consent
was obtained from all participants. Also, this study protocol conforms to
the ethical guidelines of the 1975 Declaration of Helsinki as reflected in
a priori approval by the institution’s human research committee.

2.2. Collection of clinical data

Data on participants’ lifestyles and medical history were collected
using self-administered questionnaires, and height, weight, and blood
pressure measurements were obtained through physical examinations.
Participants consuming more than 34 g of ethanol daily were classified
as drinkers [14]. A participant was categorized as a current or former
smoker if they are currently engaging in smoking or have a history of
smoking. Hypertension was defined as a systolic blood pressure of >140
mmHg or a diastolic blood pressure of >90 mmHg, a previous diagnosis
of hypertension or the current use of antihypertensive drugs [15]. Dia-
betes mellitus was characterized by a glycated hemoglobin (HbAlc)
level of >6.5%, a non-fasting blood glucose level of >200 mg/dL, a
previous diagnosis of diabetes mellitus or the current use of anti-diabetic
medicationsn [16]. Dyslipidemia was identified by a low-density lipo-
protein (LDL) cholesterol level of >140 mg/dL, a previous diagnosis of
dyslipidemia, or the current use of antidyslipidemic agents [17].

Peripheral venous blood samples were collected from the upper arm
in resting, seated positions for blood examinations. The blood samples
were centrifuged, and the supernatant was collected and frozen at
—80 °C before analysis. Serum high-sensitivity cardiac troponin T (hs-
cTnT) levels were measured using the EcLusys high-sensitivity troponin
T assay (Roche Diagnostics K.K., Tokyo, Japan), with a detection limit of
3 ng/L and a 99th percentile upper reference limit of 13.5 ng/L [18]. The
estimated glomerular filtration rate (eGFR) was calculated using serum
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creatinine levels according to the 2002 KDOQI Clinical Practice Guide-
lines for Chronic Kidney Disease, using the following equation: eGFR =
194 x serum cystatin c L1094 age’°'287 [ x 0.739 for women]
mL/min/1.73 m [19]. [20].

2.3. FMD measurement

Endothelium-dependent FMD was evaluated through vascular
response to reactive hyperemia in the brachial artery. A high-resolution
linear artery transducer and computer-assisted analysis software
(UNEXEF18G, UNEX Co, Nagoya, Japan) was used to measure brachial
artery diameter. FMD measurements were performed by operators in
accordance with the guidelines established by the International Brachial
Artery Reactivity Task Force [21].

The process begins with placing a blood pressure cuff around the
forearm, followed by a longitudinal scan of the brachial artery. A
specialized probe holder maintains a stable position for the transducer,
promoting consistent imaging. The system automatically tracks the ar-
tery diameter and displays the real-time changes in FMD mode. We
documented pulsed Doppler flow velocities at baseline and during peak
hyperemic flow.

Before initiating the measurement, the cuff was inflated to a pressure
of 180 mmHg or at least 50 mmHg above the systolic blood pressure to
ensure complete occlusion of the brachial artery. We captured a 30-s
baseline artery image before inflating the cuff for 5 min. Following
cuff deflation, we recorded artery images for an additional 5 min. We
collected pulsed Doppler velocity signals at baseline and immediately
following cuff deflation. We quantified changes in the brachial artery
diameter as a percentage change relative to the pre-inflation diameter.
The system automatically calculated the FMD using the formula: per-
centage FMD = ([peak diameter — baseline diameter]/baseline diam-
eter), which served as the primary metric for analysis. We calculated the
blood flow volume by integrating the angle-corrected Doppler flow ve-
locity with the heart rate and the vessel’s cross-sectional area. We
defined reactive hyperemia as the maximum percentage increase in flow
following cuff deflation compared to baseline flow.

To ensure standardized practices, the core laboratory at Iwate
Medical University provided training for all participating sonographers,
which covered FMD measurement techniques, scanning procedures, and
record analysis. We conducted preliminary tests to evaluate both inter-
assay and intra-assay variability. Two sonographers examined fifteen
volunteer subjects on separate days, conducting each session twice. A
core laboratory later evaluated the collected images. The Supplemental
Figure displays the results of the preliminary FMD tests, indicating
statistically significant positive correlations, thus affirming the reli-
ability of the measurements (day 1 and day 2 for sonographer 1: r =
0.94, p < 0.05; day 1 and day 2 for sonographer 2: r = 0.96, p < 0.05;
comparison between sonographer 1 and 2: r = 0.95, p < 0.05).

2.4. Follow-up study

A follow-up survey evaluating all-cause death, migration, and stroke
incidence was performed in a post-baseline study through December 31,
2019. Death and migration were confirmed using official resident
registration data provided by local government offices. Stroke incidence
was ascertained using the Iwate Stroke Registry data from all regional
hospitals [22]. The stroke registration program, coordinated by the
Iwate Prefecture government and Iwate Medical Association, ensured
comprehensive data recording by verifying medical records from all
facilities within the survey area. Upon a stroke patient’s discharge,
registration forms were mailed to the registration office of the Iwate
Medical Association. The research team, comprising physicians and
trained research nurses, visited the hospitals to review medical charts.

The stroke diagnostic criteria for this study were based on the In-
ternational Statistical Classification of Diseases and Related Health
Problems criteria established by the World Health Organization [23,24].
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Patients with transient ischemic attack and traumatic hemorrhagic
stroke were excluded from registration. Stroke was defined as a sudden
onset of focal neurological deficit persisting for >24 h, confirmed via
brain computed tomography or magnetic resonance imaging. Brain
computed tomography was performed to diagnose cases involving
implanted medical devices, claustrophobia, tattoos, or surgically placed
magnetic dentures. Classification of stroke into ischemic stroke,
including lacunar, nonlacunar and hemorrhagic stroke, was performed
using neuroimaging and medical records.

2.5. Statistical analysis

Baseline characteristics were expressed as mean + standard devia-
tion for continuous variables and as numbers and percentages for cate-
gorical variables. Continuous variables were compared across quartiles
using analysis of variance for normally distributed variables, whereas
the Kruskal-Wallis test was applied for skewed variables. The chi-
squared test was used to analyze categorical variables across quartiles.
Event-free curves were estimated using the Kaplan-Meier method and
compared via the log-rank test. The association between FMD and
incident stroke was examined using Cox hazard models in an unadjusted
crude model and a multivariate adjustment model, adjusted for sex, age,
smoking, drinking, systolic blood pressure, LDL cholesterol, eGFR, N-
terminal pro-brain natriuretic peptide (NT-proBNP), hs-cTnT, and he-
moglobin Alc. All data were analyzed using IBM SPSS Statistics, version
25, for Windows (IBM Corp., Armonk, NY, USA), with p values < 0.05
deemed statistically significant.

2.6. Data availability

The datasets analyzed in the current study are not publicly available
due to ethical reasons but are available upon request after approval from
the Ethical Committee of Iwate Medical University, the Ethical Com-
mittee of Tohoku University, and the Materials and Information Distri-
bution Review Committee of the TMM Project.

3. Results
3.1. Baseline characteristics of the study population

Table 1 shows the baseline characteristics of the study participants.
Among 3865 individuals who participated in the Tohoku Medical
Megabank CommCohort Study, this study was intended for 2952 in-
dividuals, except for the exclusion criteria (self-reported CVD: n = 221,
participants taking vasodilatory drugs: n = 603, lacking baseline char-
acteristics and laboratory and follow-up data: n = 89). The FMD level
was 0.5%-27.1%, with a median value of 5.0% (interquartile, 4.2%—
11.3%). After dividing the participants into two subgroups according to
the median FMD value, significant differences were observed in age,
gender, body mass index, prevalence of smoking, diabetes mellitus,
hypertension, hs-cTnT, uric acid, eGFR, hemoglobin Alc, high-density
lipoprotein cholesterol, and systolic blood pressure (Table 1).

3.2. Follow-up study

The mean follow-up period was 5.5 + 1.8 years (range, 0.6-6.9
years), during which all-cause death, hemorrhagic stroke, and ischemic
stroke were identified in 76, 44, and 100 participants, respectively.
Among the 100 participants with ischemic stroke, nonlacunar stroke and
lacunar stroke were identified in 72 and 28 participants, respectively.

A figure shows the Kaplan-Meier curves for all-cause death and
stroke-free rates based on the medium FMD value in all participants.
Total stroke-, ischemic stroke-, nonlacunar stroke-, and lacunar stroke-
free rates were lower in the lower FMD subgroup (<5.0%) than in the
higher FMD subgroup (>5.0%) (all p values < 0.05, log-rank test)
(Figure). No significant differences were observed in the incidences of
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Table 1
Baseline characteristics of participants.
Parameter All FMD" > FMD p value
5.0% <5.0%

Number 2952 1486 1466

Age 63.0 + 8.3 61.2 + 8.7 64.3+7.6 <0.001

Women, % 1859 (63.0) 1045 814 (55.5) <0.001

(70.3)

Body mass index, kg/ 23.2+ 3.3 229 + 3.2 23.6 + 3.3 0.001
m2

Current or former 897 (36.2) 399 (26.9) 498 (34.0) <0.001
smoker, %

Drinker, % 1095 (37.1) 540 (36.4) 555 (37.9) 0.12

Diabetes, % 270 (9.1) 123 (8.3) 147 (10.0) 0.031

Hypertension, % 839 (28.4) 326 (21.9) 513 (35.0) <0.001

Dyslipidemia, % 472 (16.0) 238 (16.0) 234 (16.0) 0.952

Median NT-proBNP®, ~ 48.0 47.0 50.0 0.188
pg/mL (29.0-81.0) (28-78) (29-83)

Median hs-cTnT¢, 5(3-7) 5(3-7) 6 (4-8) <0.001
ng/L

Uric acid, mg/dL 50+1.2 49 +1.2 51+13 <0.001

eGFRY, mL/min/ 79.2 £15.5 80.1 + 78.2 + 0.002

1.73 m? 15.7 15.4
Hemoglobin Alc, % 56+ 0.6 5.6 +£ 0.5 5.6 £ 0.6 0.001
HDL"-cholesterol, U/ 63.7 £16.8 64.7 + 62.7 + 0.001
L 16.7 16.9

LDL'cholesterol, U/L ~ 122.2 + 30.4 1221 + 1222 + 0.635
31.0 29.8
Systolic blood 131.7 £17.8 131.1 + 1335 + <0.001
pressure, mmHg 19.6 18.7
FMD, % 5.0 7.8 4.2 not
(4.2-11.3) (6.4-9.2) (3.6-4.7) applicable

Values are mean + SD, or number of subjects (percentage).
# Flow-mediated dilation.
b N-terminal pro-brain natriuretic peptide.
¢ High-sensitivity cardiac troponin T.
d Estimated glomerular filtration rate.
¢ High-density lipoprotein.
f Low-density lipoprotein.

all-cause death or hemorrhagic stroke between the higher and lower
FMD subgroups (Figure).

The results of the Cox hazard model analysis are shown in Table 2.
The unadjusted model demonstrated that the lower FMD subgroup had a
significantly higher risk for total stroke (hazard ratio [HR] = 2.74, 95%
confidence interval [CI] = 1.98-3.88, p < 0.001), ischemic stroke (HR =
4.15, 95% CI = 2.54-6.78, p < 0.001), nonlacunar stroke (HR = 3.75,
95% CI = 2.03-6.93, p < 0.001), and lacunar stroke (HR = 4.77, 95% CI
= 1.81-12.56, p = 0.002) than the higher FMD subgroup (Table 2). No
significant association was observed between all-cause mortality, hem-
orrhagic stroke, and the lower FMD subgroup (Table 2).

A multivariate Cox analysis also revealed that the lower FMD sub-
group was significantly associated with a higher risk for total stroke (HR
= 2.13, 95% CI = 1.48-3.07, p < 0.001), ischemic stroke (HR = 3.33,
95% CI = 2.00-5.52, p < 0.001), nonlacunar stroke (HR = 2.77, 95% CI
= 1.49-5.16, p = 0.001), and lacunar stroke (HR = 5.12, 95% CI =
1.74-16.05, p = 0.003) than the higher FMD subgroup (Table 2).
However, the lower FMD subgroup showed no remarkable association
with all-cause mortality (HR = 1.37, 95% CI = 0.84-2.23, p = 0.212)
and hemorrhagic stroke (HR = 1.09, 95% CI = 0.58-2.07, p = 0.77)
(Table 2).

The cox regression analysis demonstrated that the lower FMD sub-
group had the strongest association with stroke incidence in the stroke
risk factors (FMD <5.0%: HR = 2.13, 95% CI = 1.48-3.07; hs-cTnT >14
ng/dL: HR = 1.51, 95% CI = 1.23-1.85; hypertension: HR = 1.35, 95%
CI = 1.26-1.52; age: HR = 1.10, 95% CI = 1.02-1.23; dyslipidemia: OR
=1.39, 95% CI = 1.18-1.50, Table 3). In addition, FMD as a continuous
variable was association with stroke incidence (HR = 1.27, 95% CI =
1.09-1.45, Table 3)
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Fig. 1. Kaplan-Meier survival and event-time curve according to flow-mediated dilation. (A) All-cause death, (B) total stroke-free, (C) hemorrhagic stroke-free, (D)
ischemic stroke-free, (E) lacunar stroke-free, (F) nonlacunar stroke-free probability based on the medium according to flow-mediated dilation values (5.0%).

4. Discussion

According to the Kaplan-Meier curves, the total stroke- and ischemic
stroke-free rates were lower in the lower FMD subgroup than in the
higher FMD subgroup. The multivariate Cox analysis revealed an asso-
ciation between ischemic stroke and lower FMD value. The logistic
analysis also suggested that a low FMD value was strongly associated
with stroke incidence compared with classical stroke risk factors.

This study elucidates the association between FMD values and stroke
risk factors, clearly indicating that subjects in the lower FMD subgroup
had a greater susceptibility to hypertension, dyslipidemia, diabetes
mellitus, increased hs-cTnT levels, increased BMI and escalated systolic
blood pressure. Previous studies have similarly reported a link between
decreased FMD values and stroke risk factors such as elevated systolic
blood pressure, increased BMI, dyslipidemia, and diabetes [25-28]. The
consistent association between low FMD values and stroke risk factors
across the present study and previous studies reinforces the premise that
vascular endothelial dysfunction is associated with stroke risk factors
[28].

The present study also establishes an association between total stroke
and ischemic stroke incidence and the group characterized by low FMD
values. Furthermore, it associates both lacunar and nonlacunar infarc-
tion incidences with this low FMD group. A previous study compared the
FMD values of healthy individuals with those of patients with ischemic
stroke, revealing that patients with all ischemic stroke subtypes had
decreased FMD values compared with those of their healthy counter-
parts [29]. Nevertheless, there has been no previous report evaluating
FMD values to determine stroke incidence in the general Japanese
population. A cohort study involving patients with a history of coronary
artery disease echoed the findings of our study, reporting higher stroke
incidence at low FMD values [10]. Moreover, research conducted in
Europe and the United States indicated a higher incidence of CVD within
the low FMD group but found no significant discrepancy regarding
stroke alone [30]. Thus, to our knowledge, the present investigation is

the first global study demonstrating a correlation between FMD levels
and stroke incidence within a general population cohort. One explana-
tory factor for the significant difference observed is the incidence of
stroke and the baseline characteristics. Data on stroke incidence re-
ported in 2016 revealed a prevalence of 1.6% in the United States and
1.9% in Japan, yet the present investigation observed a markedly higher
incidence rate of 4.6% [31,32]. This difference can be attributed to
factors such as the elevated smoking rate (36% in this study compared
with the significantly lower average of 16% in Japan) and systolic blood
pressure exceeding the Japanese average by 10 mmHg [33,34]. Such
conditions may contribute to the higher incidence of stroke observed in
this study.

The present study detected a higher stroke risk than classical CVD
risk factors among the low FMD subgroup through logistic analysis.
Although an association exists between the low FMD values and CVD
risk factors, the former is recognized for decreased endothelial nitric
oxide synthase (eNOS) activity, independent of CVD risk factors [35].
eNOS is an enzyme that generates nitric oxide. This signaling molecule
plays a crucial role in regulating and maintaining vascular tone, as well
as cell migration, proliferation, maturation, leukocyte adhesion, and
platelet aggregation. Decreased eNOS activity is correlated with endo-
thelial dysfunction, a state characterized by improper endothelium
functioning, leading to impaired vasodilation, inflammation, and
thrombosis [36]. Reduced eNOS expression is reported to contribute to
stroke development [37], possibly underlying the observed higher
stroke contribution by the low FMD values.

There was no significant discrepancy between total mortality and
cerebral hemorrhage, which could be attributed to the lack of a defini-
tive cause of death determination in this study. Moreover, cerebral
hemorrhage may be induced by cerebral amyloid angiopathy and hy-
pertension [38,39]. Furthermore, f-amyloid protein accumulation
within the cerebral cortex and leptomeningeal vessels has been identi-
fied as a risk determinant for intracerebral hemorrhage, particularly in
elderly populations [38]. These insights suggest a distinction in the
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Table 2
Hazard ratios for incident stroke according to FMD" levels.
Model FMD >5.0% FMD <5.0%
HR" HR (95% CI°), p value
Number of participants 1486 1466
All-cause death
Person-years 7514.6 7370.3

Number of deaths 10 66

Model 1 1 (reference) 1.55 (0.98-2.46), p = 0.06
Model 2 1 (reference) 1.37 (0.84-2.23), p = 0.21
Total stroke

Person-years 7420.4 7140.4

Number of cases 39 105

Model 1 1 (reference) 2.74 (1.94-3.88), p < 0.001
Model 2 1 (reference) 2.13(1.48-3.07), p < 0.001
Hemorrhagic stroke

Number of cases 19 25

Model 1 1 (reference) 1.37 (0.75-2.49), p = 0.30
Model 2 1 (reference) 1.09 (0.58-2.07), p = 0.77
Ischemic stroke

Number of cases 20 80

Model 1 1 (reference) 4.15 (2.54-6.78), p < 0.001
Model 2 1 (reference) 3.33 (2.00-5.52), p < 0.001
Nonlacunar stroke

Number of cases 15 57

Model 1 1 (reference) 3.75 (2.03-6.93), p < 0.001
Model 2 1 (reference) 2.77 (1.49-5.16), p = 0.001
Lacunar stroke

Number of cases 5 23

Model 1 1 (reference) 4.77 (1.81-12.56), p = 0.002

Model 2 1 (reference) 5.12 (1.74-15.05), p = 0.003

Model 1 was univariate Cox regression analysis using FMD values.
Model 2 was multivariate Cox regression analysis using FMD values adjusted for
sex, age, smoking, drinker, systolic blood pressure, low-density lipoprotein
cholesterol, high-sensitivity cardiac troponin T, estimated glomerular filtration
rate, N-terminal pro-brain natriuretic peptide, and hemoglobin Alc.

@ Flow-mediated dilation.

> Hazard ratio.

¢ Confidence interval.

Table 3
Association between stroke incidence and risk factor, including FMD" levels,
using cox regression analysis.

Variables HR" (95%CI°) P value
Age 1.10 (1.02-1.23) <0.001
Women 0.91 (0.82-0.94) 0.003
Current or former smoker 1.41 (1.27-1.53) <0.001
Drinker 1.15(1.10-1.22) <0.001
Diabetes 1.24 (1.15-1.44) <0.001
Hypertension 1.35 (1.26-1.52) <0.001
Dyslipidemia 1.39 (1.18-1.50) <0.001
FMD <5.0% 2.13 (1.48-3.07) <0.001
FMD as a continuous variable 1.27 (1.09-1.45) <0.001
NT-proBNP? > 48 pg/mL 1.06 (1.02-1.11) 0.01
hs-cTnT® > 0.014 ng/L 1.51 (1.23-1.85) <0.001
eGFR' < 60 mL/min/1.73 m? 1.08 (1.03-1.14) 0.004

Flow-mediated dilation.

Hazard ratio.

Confidence interval.

N-terminal pro-brain natriuretic peptide.
High-sensitivity cardiac troponin T.

f Estimated glomerular filtration rate.

a
b
c
d

e

pathogenesis of ischemic stroke and cerebral hemorrhage.

Our study has several limitations. It depended on self-reported his-
tory, which may have included patients with previous strokes. Although
this investigation excluded patients diagnosed with atrial fibrillation, no
evaluation was performed for new-onset cases during the follow-up
phase.
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5. Conclusions

In conclusion, our study revealed that a low FMD value might reflect
vascular endothelial dysfunction and then was associated with ischemic
stroke incidence in the general Japanese population, suggesting that
FMD can be used as a tool to identify future stroke risk.
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