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Background-—Diagnostic criteria of flow-mediated vasodilation (FMD), an index of endothelial function, and nitroglycerin-induced
vasodilation (NID), an index of vascular smooth muscle function, of the brachial artery have not been established. The purpose of
this study was to propose diagnostic criteria of FMD and NID for normal endothelial function and normal vascular smooth muscle
function.

Methods and Results-—We investigated the cutoff values of FMD and NID in subjects with (risk group) and those without
cardiovascular risk factors or cardiovascular diseases (no-risk group) in 7277 Japanese subjects (mean age 51.4�10.8 years) from
the Flow-Mediated Dilation Japan study and the Flow-Mediated Dilatation Japan Registry study for analysis of the cutoff value of
FMD and in 1764 Japanese subjects (62.2�16.1 years) from the registry of Hiroshima University Hospital for analysis of the cutoff
value of NID. Receiver-operator characteristic curve analysis of FMD to discriminate subjects in the no-risk group from patients in
the risk group showed that the optimal cutoff value of FMD to diagnose subjects in the no-risk group was 7.1%. Receiver-operator
characteristic curve analysis of NID to discriminate subjects in the no-risk group from patients in the risk group showed that the
optimal cutoff value of NID to diagnose subjects in the no-risk group was 15.6%.

Conclusions-—We propose that the cutoff value for normal endothelial function assessed by FMD of the brachial artery is 7.1% and
that the cutoff value for normal vascular smooth muscle function assessed by NID of the brachial artery is 15.6% in Japanese
subjects.

Clinical Trial Registration-—www.umin.ac.jp Unique identifiers: UMIN000012950, UMIN000012951, UMIN000012952, and
UMIN000003409 ( J Am Heart Assoc. 2020;9:e013915. DOI: 10.1161/JAHA.119.013915.)
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V ascular dysfunction is an important feature of
atherosclerosis. Noninvasive vascular function tests

such as flow-mediated vasodilation (FMD), pulse wave veloc-
ity, cardio-ankle vascular index, ankle brachial pressure index,
and augmentation index have been performed for diagnosis of
vascular dysfunction and identification of individuals at high

risk for cardiovascular complications.1-3 However, diagnostic
criteria for vascular dysfunction have not been established,
and the lack of diagnostic criteria is an issue for clinical
application of these noninvasive vascular function tests. The
lack of diagnostic criteria causes difficulties in appropriate
interpretation and utilization of the results of vascular function

A list of affiliations has been placed at the end of this article.
Correspondence to: Yukihito Higashi, MD, PhD, FAHA, Department of Cardiovascular Regeneration and Medicine, Research Institute for Radiation Biology and
Medicine, Hiroshima University, 1-2-3 Kasumi, Minami-ku, Hiroshima 734-8551, Japan. E-mail: yhigashi@hiroshima-u.ac.jp

Received July 11, 2019; accepted December 6, 2019.

ª 2020 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

DOI: 10.1161/JAHA.119.013915 Journal of the American Heart Association 1

ORIGINAL RESEARCH

D
ow

nloaded from
 http://ahajournals.org by on M

ay 14, 2020

http://www.umin.ac.jp
info:doi/10.1161/JAHA.119.013915
mailto:yhigashi@hiroshima-u.ac.jp
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


tests for the management of cardiovascular disorders.
Therefore, establishment of diagnostic criteria is needed for
the application of these vascular function tests to daily clinical
practice.

Endothelial dysfunction is the initial step in the pathogen-
esis of atherosclerosis and plays an important role in the
development, progression, and maintenance of this condition,
leading to cardiovascular complications.4,5 Endothelial dys-
function precedes the development of overt atherosclerosis
and clinical diseases. Therefore, assessment of endothelial
function potentially enables early detection of atherosclerosis
followed by appropriate interventions, leading to the preven-
tion of cardiovascular complications. Noninvasive diagnostic
tools for the assessment of endothelial function have been
developed. For example, digital pulse volume amplitude
tonometry is used for measuring microcirculatory reactive
hyperemia. Changes of pulse wave due to b2 agonist
treatment or reactive hyperemia can be detected by digital
photoplethysmography. Skin laser Doppler is also used as a
noninvasive technique for assessment of endothelial function.
However, these methodologies have some limitations, such as
an expensive modality, low reproducibility, and susceptibility
to oxygen saturation. Several systemic circulating blood
markers, such as nitric oxide (NO) product, oxidative stress
markers, adhesion molecules, and inflammation markers,
have also been measured as indices of endothelial function.
However, circulating biochemical markers do not sufficiently
reflect endothelial function. FMD of the brachial artery, an
index of endothelium-dependent vasodilation, has been widely
used for assessment of endothelial function in humans
because of its noninvasive nature, reflecting NO production

in the endothelium and correlating with coronary artery
endothelial function.6 Nitroglycerin-induced vasodilation (NID)
of the brachial artery, an index of endothelium-independent
vasodilation, has been used as a control test of FMD. Recent
studies have shown that not only FMD but also NID per se is
impaired in patients with cardiovascular risk factors or
cardiovascular diseases, indicating that NID can be used as
a vascular biomarker reflecting vascular smooth muscle
function.7-10 However, diagnostic criteria of FMD and NID
have not been established. Because of the lack of diagnostic
criteria, it is clinically difficult to provide an appropriate
explanation of the results of FMD and NID measurements to
the subject and to use the results in the management of
cardiovascular disorders. For the establishment of diagnostic
criteria, data on FMD and NID measured using the same
standardized protocols are necessary. Recently, data on FMD
and NID of the brachial artery measured using the same
instrument and the same protocol have been obtained in
Japan, making it possible to propose diagnostic criteria of
vascular function tests. Therefore, we investigated the cutoff
values of FMD and NID in subjects with and those without
cardiovascular risk factors or cardiovascular diseases to
propose diagnostic criteria for normal endothelial function
and normal vascular smooth muscle function in Japanese
subjects.

Methods

Study 1: Diagnostic Criteria of FMD for Normal
Endothelial Function
We investigated the cutoff value of FMD of the brachial artery
for discrimination of subjects with and those without cardio-
vascular risk factors or a history of cardiovascular diseases.
Study 1 was conducted in subjects from the FMD-J (Flow-
Mediated Dilation Japan) study11 and the FDR (Flow-Mediated
Dilation Japan Registry) study.12 Detailed information on the
subjects and protocol of the FMD-J and FDR studies is publicly
available.11,13 In brief, the FMD-J study was a prospective
multicenter study conducted at 22 university hospitals and
affiliated clinics in Japan to examine the usefulness of FMD
assessment for the management of patients at risk for
cardiovascular disease. The FMD-J study included 3 study
arms: study A, study B, and study C. Patients aged 20 to
74 years who had been diagnosed as having coronary artery
disease were enrolled in study A; patients aged 20 to
74 years with controlled hypertension or diabetes mellitus
who had been receiving antihypertensive or antidiabetic
treatment for at least 6 months were enrolled in study B,
and subjects who underwent annual health checkups as
mandated by the company were enrolled in study C. In the
FDR study subjects who underwent annual health-screening

Clinical Perspective

What Is New?

• We investigated the cutoff values of flow-mediated vasodi-
lation and nitroglycerin-induced vasodilation of the brachial
artery for discrimination of subjects with and those without
cardiovascular risk factors or cardiovascular disease.

• We propose that cutoff value for normal endothelial function
assessed by flow-mediated vasodilation of the brachial
artery is 7.1% and that the cutoff value for normal vascular
smooth muscle function assessed by nitroglycerin-induced
vasodilation of the brachial artery is 15.6%.

What Are the Clinical Implications?

• These diagnostic criteria of flow-mediated vasodilation and
nitroglycerin-induced vasodilation of the brachial artery are
useful for appropriate interpretations and utilization of the
results of vascular function tests for the management of
cardiovascular disorders.
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examinations with agreement for measurement of FMD were
enrolled at the following 3 institutions participating in the
FMD-J study: Tokyo Medical University (the core center of the
FMD-J study), Hiroshima University, and National Defense
Medical College. Some of the data from the FMD-J study and
the FDR study have been previously reported elsewhere.12-14

This study was performed in accordance with the Declaration
of Helsinki. The ethical committees of the participating
institutions approved the study protocol. Informed consent
for participation in the study was obtained from all subjects.
The protocol was registered in the University Hospital Medical
Information Network Clinical Trials Registry (UMIN0000129
50, UMIN000012951, and UMIN000012952).

Subjects in Study 1

A total of 8652 Japanese subjects (4179 subjects from the
FMD-J study and 4473 subjects from the FDR study) were
enrolled in study 1. Participants with unclear images of the
brachial artery interface (n=1263) and participants with
missing information on cardiovascular risk factors (n=112)
were excluded. Finally, 7277 subjects were enrolled in
study 1.

Study 2: Diagnostic Criteria of NID for Normal
Vascular Smooth Muscle Function
In study 2 we investigated the cutoff value of NID of the
brachial artery for discrimination of subjects with and those
without cardiovascular risk factors or a history of cardiovas-
cular diseases. In the FMD-J study and the FDR study,
measurement of NID was not performed. Therefore, study 2
was conducted in subjects who had undergone health-
screening examinations or who had visited the outpatient
clinic at Hiroshima University Hospital.

Subjects in Study 2

Between July 2007 and June 2019, a total of 2579 subjects
underwent measurement of FMD and NID of the brachial
artery at Hiroshima University Hospital. Subjects undergoing
treatment with nitrate (n=128), patients with malignancy who
were undergoing treatment with steroid, nonsteroidal anti-
inflammatory drugs, or immunosuppressive drugs (n=155),
patients with a diagnosis of secondary hypertension (n=370),
and subjects with missing information on cardiovascular risk
factors (n=162) were excluded. Finally, 1764 subjects were
enrolled in study 2. Subjects enrolled in study 2 were also
used as external samples to validate the determined FMD
cutoff value in study 1. This study was performed in
accordance with the Declaration of Helsinki. The ethical
committees of our institutions approved the study protocol.
Written informed consent for participation in the study was
obtained from all subjects. The protocol was registered in the

University Hospital Medical Information Network Clinical
Trials Registry (UMIN000003409).

Study Protocol
The same study protocol was used in study 1 and study 2.
Subjects fasted the previous night and abstained from
caffeine, alcohol, smoking, and antioxidant vitamins on the
day of the vascular function test. Each of the subjects was
kept in the supine position in a quiet, dark, air-conditioned
room (constant temperature of 23℃-26�C) throughout the
study. The vascular function test was performed at least
20 minutes after maintaining the supine position. The
observers were blind to the form of the examination.

Measurements of FMD and NID of the Brachial
Artery
The same protocol for the measurement of FMD of the
brachial artery was used in both the FMD-J study and the FDR
study. In both studies FMD was measured using UNEXEF 18G
(UNEX Co, Nagoya, Japan), an ultrasound instrument special-
ized for FMD measurement, except for 10 cases in the FMD-J
study. Vascular response to reactive hyperemia in the brachial
artery was used for assessment of endothelium-dependent
FMD. A high-resolution linear artery transducer was coupled
to computer-assisted analysis software (UNEXEF18G, UNEX
Co, Nagoya, Japan) that used an automated edge detection
system for measurement of brachial artery diameter. A blood
pressure cuff was placed around the forearm. The brachial
artery was scanned longitudinally 5 to 10 cm above the
elbow. When the clearest B-mode image of the anterior and
posterior intimal interfaces between the lumen and vessel
wall was obtained, the transducer was held at the same point
throughout the scan by a special probe holder (UNEX Co) to
ensure consistency of the image. Depth and gain setting were
set to optimize the images of the arterial lumen wall interface.
When the tracking gate was placed on the intima, the artery
diameter 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. This allowed
the ultrasound images to be optimized at the start of the scan
and the transducer position to be adjusted immediately for
optimal tracking performance throughout the scan. The
baseline longitudinal image of the artery was acquired for
30 seconds, and then the blood pressure cuff was inflated to
50 mm Hg above systolic pressure for 5 minutes. The
longitudinal image of the artery was recorded continuously
until 3 minutes after cuff deflation (Figure 1A). Changes in
brachial artery diameter were immediately expressed as
percentage change relative to the vessel diameter before cuff
inflation. FMD was automatically calculated as the percentage
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change in peak vessel diameter from the baseline value.
Percentage of FMD [(peak diameter�baseline diameter)/
baseline diameter] was used for analysis.15 All of the
sonographers specialized in FMD measurement at the partic-
ipating institutions received training for a standard protocol of
FMD measurement and training for scanning and analysis of
the record at the core laboratory located in Tokyo Medial
University in the FMD-J study. All recordings of brachial artery
scans obtained during the measurement of FMD were sent
from the participant institutions to the core laboratory in
Tokyo Medical University by universal serial bus flash drives
and were individually analyzed by a well-experienced reader at
the core laboratory without any information about the patients
in the FMD-J study. The intraclass correlation coefficient
between each participating institution and the core laboratory
has been previously described.13 The correlation coefficient
between FMD analyzed at the core laboratory and at
participant institutions was 0.84 (P<0.001). The intraobserver
variability (coefficient of variation) was 10.1% to 11.2%.16

NID of the brachial artery was measured using UNEX EF
18G (UNEX Co). The response to nitroglycerin was used for the
measurement of NID. After acquisition of baseline rest images
for 30 seconds, a sublingual tablet (75 lg nitroglycerin) was
given, and images of the brachial artery were recorded
continuously until the dilation reached a plateau after admin-
istration of the nitroglycerin (Figure 1B). NID was automati-
cally calculated as a percentage change in peak diameter from
the baseline value. Percentage NID [(peak diameter�baseline
diameter)/baseline diameter] was used for analysis.

Assessment of Cardiovascular Risk Factors and
Cardiovascular Diseases
Hypertension, dyslipidemia, diabetes mellitus, smoking, and
chronic kidney disease were included in cardiovascular risk
factors. Hypertension was defined as treatment with oral

antihypertensive agents or systolic blood pressure of
≥140 mm Hg and/or diastolic blood pressure of ≥90 mm Hg
without medication. Dyslipidemia was defined according to
the third report of the National Cholesterol Education
Program.17 Diabetes mellitus was defined according to the
recommendations of the American Diabetes Association.18

We defined smokers as those who were current smokers. The
estimated glomerular filtration rate was calculated using the
Japanese equation.19 Chronic kidney disease was defined as
estimated glomerular filtration rate <60 mL/min per
1.73 m2.20 Coronary artery disease, cerebrovascular disease,
and peripheral artery disease were included in cardiovascular
diseases. Coronary artery disease included angina pectoris,
myocardial infarction, and unstable angina. Cerebrovascular
disease included ischemic stroke, hemorrhagic stroke, and
transient ischemic attack. Peripheral artery disease was
defined as current intermittent claudication with ankle-
brachial index <0.9 or a history of intervention, including
angioplasty and bypass graft.

Statistical Analyses
Results are presented as means�SD for continuous variables
and as percentages for categorical variables. All reported
probability values were 2-sided, and a probability value of
<0.05 was considered statistically significant. Categorical
variables were compared by means of the chi-squared test.
Continuous variables were compared by using unpaired
Student t test. Receiver-operator characteristic (ROC) curve
analyses were performed to assess the sensitivity and
specificity and to confirm the optimal cutoff values of FMD
and NID to diagnose subjects without cardiovascular risk
factors or a history of cardiovascular diseases. Cutoff values
were determined according to the highest Youden index from
the ROC curve analyses. The data were processed using JMP
version 11 (SAS Institute, Cary, NC).

Figure 1. Representative images of change in brachial artery diameter after cuff deflation for measurement of flow-mediated vasodilation (A)
and after administration of a sublingual nitroglycerin tablet for measurement of nitroglycerin-induced vasodilation (B).
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Results

Study 1: Diagnostic Criteria of FMD for Normal
Endothelial Function

Cutoff Value of FMD of the Brachial Artery

The baseline clinical characteristics of the subjects are
summarized in Table 1. The mean age of the subjects was
51.4�10.8 years (median 50 years; interquartile range 44-
59 years; range 18-88 years). Of the 7277 subjects (5817
men and 1460 women), 3243 (44.6%) had hypertension, 3767
(51.8%) had dyslipidemia, 703 (9.7%) had diabetes mellitus,
2187 (30.1%) were current smokers, 693 (9.5%) had chronic
kidney disease, and 703 (9.7%) had cardiovascular diseases.
There were significant differences in FMD between subjects
with and those without hypertension (5.4�2.8% versus
6.9�3.1%, P<0.001), between subjects with and those without

dyslipidemia (5.8�2.9% versus 6.7�3.2%, P<0.001), and
between subjects with and those without diabetes mellitus
(5.0�2.6% versus 6.3�3.1%, P<0.001). The mean value of
FMD in all subjects was 6.2�3.1% (median 6.0%; interquartile
range 4.2% to 8.0%). We divided the subjects into 2 groups:
subjects without cardiovascular risk factors or a history of
cardiovascular diseases (no-risk group, n=1542) and subjects
with cardiovascular risk factors or a history of cardiovascular
diseases (risk group, n=5735). The mean values of FMD were
7.5�3.3% (median 7.3%; interquartile range 5.3% to 9.4%) in
the no-risk group and 5.9�2.9% (median 5.7%; interquartile
range 3.9% to 7.5%) in the risk group.

ROC curve analysis of FMD to discriminate subjects in the
no-risk group from patients in the risk group showed that the
optimal cutoff value of FMD to diagnose subjects in the no-risk
group was 7.1% with an area under the curve (AUC) value of
0.65 (95% CI 0.64-0.67), sensitivity of 0.53, and specificity of

Table 1. Clinical Characteristics of Subjects

Variables All Subjects (n=7277) No-Risk Group (n=1542) Risk Group (n=5735)

Age, y 51.4�10.8 44.5�9.8 53.3�10.3

Men, n (%) 5817 (80.0) 1000 (65.2) 4811 (83.9)

Body mass index, kg/m2 23.5�3.3 21.8�2.8 24.0�3.3

Systolic blood pressure, mm Hg 127.3�16.5 117.1�11.6 130.0�16.5

Diastolic blood pressure, mm Hg 79.5�11.7 72.9�8.6 81.3�11.8

Heart rate, bpm 63.6�10.2 62.1�9.4 64.0�10.4

Total cholesterol, mmol/L 5.21�0.88 4.90�0.62 5.29�0.91

Triglycerides, mmol/L 1.44�1.03 0.89�0.33 1.59�1.10

HDL cholesterol, mmol/L 1.53�0.41 1.74�0.39 1.47�0.39

LDL cholesterol, mmol/L 3.03�0.77 2.75�0.51 3.11�0.81

Glucose, mmol/L 5.60�1.14 5.16�0.53 5.71�1.23

HbA1c, % 5.7�0.7 5.4�0.3 5.7�0.7

eGFR, mL/min per 1.73 m2 76.8�14.5 81.7�13.4 75.5�14.5

Current smokers, n (%) 2187 (30.1) 0 (0) 2187 (38.1)

Complications, n (%)

Hypertension 3243 (44.6) 0 (0) 3243 (56.6)

Dyslipidemia 3767 (51.8) 0 (0) 3767 (65.7)

Diabetes mellitus 703 (9.7) 0 (0) 703 (12.3)

Chronic kidney disease 693 (9.5) 0 (0) 693 (12.1)

Cardiovascular disease 703 (9.7) 0 (0) 703 (9.7)

Medication use, n (%)

Antihypertensive drugs 2053 (28.2) 0 (0) 2053 (35.8)

Lipid-lowering drugs 1147 (15.8) 0 (0) 1147 (20.0)

Antidiabetic drugs 498 (6.8) 0 (0) 498 (8.7)

FMD, % 6.2�3.1 7.5�3.3 5.9�2.9

All results are presented as mean�SD. eGFR indicates estimated glomerular filtration rate; FMD, flow-mediated vasodilation; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein;
LDL, low-density lipoprotein.
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0.70 (Figure 2A). We validated the determined FMD cutoff
value of 7.1% by using subjects enrolled in study 2 as external
samples. When the FMD cutoff value of 7.1% to diagnose
subjects in the no-risk group was applied to subjects enrolled in
study 2, the sensitivity was 0.51, and the specificity was 0.90.

We divided the subjects into 2 groups by sex. Clinical
characteristics of the male and female subjects are summa-
rized in Table 2. In men ROC curve analysis showed that the
optimal cutoff value of FMD to diagnose subjects in the no-
risk group was 7.2% with an AUC value of 0.63 (95% CI 0.61-
0.65), sensitivity of 0.48, and specificity of 0.71. In women
ROC curve analysis showed that the optimal cutoff value of
FMD to diagnose subjects in the no-risk group was 6.2% with
an AUC value of 0.70 (95% CI 0.67-0.73), sensitivity of 0.60,
and specificity of 0.73.

Next, we divided the subjects into 4 groups according to
age decades from the 30s through the 60s. Clinical charac-
teristics according to the age decades are summarized in
Table 3. ROC curve analyses showed that the optimal cutoff
values of FMD to diagnose subjects in the no-risk group were
8.9% with an AUC value of 0.58 (95% CI 0.54-0.61) in subjects
younger than 40 years, 7.1% with an AUC value of 0.61 (95%
CI 0.58-0.64) in subjects aged 40 to 49 years, 5.9% with an
AUC value of 0.59 (95% CI 0.56-0.63) in subjects aged 50 to
59 years, and 4.5% with an AUC value of 0.63 (95% CI 0.57-
0.68) in subjects aged 60 years or older.

Study 2: Diagnostic Criteria of NID for Normal
Vascular Smooth Muscle Function
Cutoff Value of NID of the Brachial Artery

The baseline clinical characteristics of the subjects are
summarized in Tables 4 and 5. The mean age of the subjects
was 62.2�16.1 years (median 67 years; interquartile range,

54-73 years; range 18-92 years). Of the 1764 subjects (1109
men and 655 women), 1449 (82.1%) had hypertension, 1291
(73.2%) had dyslipidemia, 552 (31.3%) had diabetes mellitus,
334 (18.9%) were current smokers, 453 (26.2%) had chronic
kidney disease, and 424 (24.0%) had cardiovascular diseases.
The mean value of NID in all subjects was 11.9�6.0% (median
11.7%; interquartile range 7.6% to 15.6%). There were
significant differences in NID between subjects with and
those without hypertension (11.1�5.7% versus 15.8�5.8%,
P<0.001), between subjects with and those without dyslipi-
demia (11.5�5.9% versus 13.2�6.0%, P<0.001), and between
subjects with and those without diabetes mellitus (10.5�5.8%
versus 12.6�6.0%, P<0.001). We divided the subjects into 2
groups: subjects without cardiovascular risk factors or a
history of cardiovascular diseases (no-risk group, n=72) and
subjects with cardiovascular risk factors or a history of
cardiovascular diseases (risk group, n=1692). The mean
values of NID were 17.7�5.7% (median 17.4%; interquartile
range 13.2% to 21.7%) in the no-risk group and 11.7�5.9%
(median 11.4%; interquartile range 7.4% to 15.3%) in the risk
group.

ROC curve analysis of NID to discriminate subjects in the
no-risk group from patients in the risk group showed that the
optimal cutoff value of NID to diagnose subjects in the no-risk
group was 15.6% with an AUC value of 0.77 (95% CI 0.72-
0.82), sensitivity of 0.64, and specificity of 0.77 (Figure 2B).

Discussion
In the present study we investigated the cutoff values of FMD
and NID of the brachial artery for discrimination of subjects
with and those without cardiovascular risk factors or cardio-
vascular diseases to propose diagnostic criteria for normal
endothelial function and normal vascular smooth muscle

Figure 2. Receiver-operating characteristic curves of flow-mediated vasodilation (A) and nitroglycerin-
induced vasodilation (B) of the brachial artery to discriminate subjects in the no-risk group from patients in
the risk group.
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function in Japanese subjects. The cutoff value of FMD for
discrimination of subjects with and those without cardiovas-
cular risk factors or cardiovascular disease was 7.1%, and that
of NID was 15.6%. Therefore, we propose that the cutoff value
for normal endothelial function assessed by FMD of the
brachial artery is 7.1% and that the cutoff value for normal
vascular smooth muscle function assessed by NID of the
brachial artery is 15.6% in Japanese subjects.

Recently, FMD of the brachial artery has been widely used
for assessment of endothelial function in humans. FMD of the
brachial artery has been shown to be associated with
cardiovascular risk factors, structural arterial disease, and
cardiovascular outcome, providing incremental prognostic
information. Therefore, measurement of FMD of the brachial
artery is recommended for the assessment of cardiovascular
risk.21 Although the precise mechanisms by which vasodilation

occurs during ischemic reactive hyperemia in FMD measure-
ment have not been fully elucidated, shear stress–induced NO
production in the endothelium has been proposed as a
principal mediator of FMD. Endothelial dysfunction may be
caused by oxidative stress, which can decrease NO production
and increase NO inactivation, leading to decreased NO
bioavailability and consequent FMD impairment. Meta-ana-
lyses have shown that an increase in the FMD value of 1% is
associated with a 12% to 13% reduction in the odds of
cardiovascular events independent of conventional cardiovas-
cular risk factors, indicating that FMD may be a useful vascular
biomarker for cardiovascular risk stratification.22,23 Clinical
studies demonstrated relatively close correlations between
brachial endothelial function assessed by FMD and coronary
artery endothelial function assessed by diameter change in the
epicardial coronary artery in response to shear stress or
intracoronary acetylcholine infusion.24-26 This relationship may
explain, in part, the ability of FMD of the brachial artery to
predict future cardiovascular events. However, at present, as a
vascular biomarker, measurement of FMD in the brachial artery
is given a Class III recommendation (no benefit) with evidence
level of B in the guidelines from the American College of
Cardiology Foundation/American Heart Association for
assessment of cardiovascular risk in asymptomatic adults
and in the position paper from the European Society of
Cardiology Working Group for the role of vascular biomarkers
for primary and secondary prevention.2,27 Important issues in
practical application of FMD include technical difficulties, low
reproducibility, the lack of standardized protocols, and the lack
of diagnostic criteria. FMD measurement requires a trained
sonographer with a comprehensive understanding of a stan-
dard protocol, measurement conditions, scanning, and analy-
sis of the recordings. In addition, there is a large variation in the
protocols for FMD measurement due to differences in testing
modality, position of occlusion cuff placement (forearm or
upper arm), cuff occlusion pressure (50 mm Hg above systolic
blood pressure, 44 mm Hg above systolic blood pressure,
200, 250, 260, or 300 mm Hg), cuff occlusion duration (3, 4,
4.5, or 5 minutes), and time frame for measurement of
diameter changes during reactive hyperemia (measurement at
1 arbitrary time point, 45 or 60 seconds; measurements at
multiple arbitrary time points, 45-60-90-180-300 seconds, 20-
40-60-90-120 seconds, or 60-90 seconds; or measurement
within a fixed time window during reactive hyperemia, 0 to 60,
0 to 90, 0 to 120, 45 to 60, 60 to 75, 60 to 90, or 45 to
90 seconds). These limitations make it difficult to establish
diagnostic criteria for appropriate interpretation of results of
FMD in clinical practice. However, testing modalities and
protocols for FMD measurement have recently been standard-
ized in Japan. The FMD-J study, a prospective multicenter
study, was conducted at 22 university hospitals and affiliated
clinics in Japan from May 2010 to August 2015 to assess the

Table 2. Clinical Characteristics of Subjects According to Sex

Variables
Men
(n=5817)

Women
(n=1460)

Age, y 51.0�10.2 52.9�12.8

Body mass index, kg/m2 23.8�3.2 22.6�3.7

Systolic blood pressure, mm Hg 128.5�15.6 122.6�18.8

Diastolic blood pressure, mm Hg 80.6�11.5 75.3�11.6

Heart rate, bpm 63.4�10.2 64.7�10.2

Total cholesterol, mmol/L 5.19�0.87 5.27�0.87

Triglycerides, mmol/L 1.54�1.09 1.07�0.61

HDL cholesterol, mmol/L 1.47�0.39 1.75�0.41

LDL cholesterol, mmol/L 3.03�0.77 3.03�0.78

Glucose, mmol/L 5.65�1.14 5.38�1.13

HbA1c, % 5.7�0.7 5.7�0.7

eGFR, mL/min per 1.73 m2 76.4�14.0 78.6�16.0

Current smokers, n (%) 2062 (35.5) 125 (8.6)

Complications, n (%)

Hypertension 2617 (45.0) 626 (42.9)

Dyslipidemia 3115 (53.6) 652 (44.7)

Diabetes mellitus 567 (9.8) 136 (9.3)

Chronic kidney disease 554 (9.5) 139 (9.5)

Cardiovascular disease 600 (10.3) 103 (7.1)

Medication use, n (%)

Antihypertensive drugs 1554 (26.7) 499 (34.2)

Lipid-lowering drugs 876 (15.1) 271 (18.6)

Antidiabetic drugs 413 (7.1) 85 (5.8)

FMD, % 6.1�3.0 6.6�3.4

No-risk group, n (%) 1006 (17.3) 536 (36.7)

All results are presented as mean�SD. eGFR indicates estimated glomerular filtration
rate; FMD, flow-mediated vasodilation; HbA1c, glycated hemoglobin; HDL, high-density
lipoprotein; LDL, low-density lipoprotein.
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clinical usefulness of semiautomatic measurement of FMD of
the brachial artery in the management of patients with
cardiovascular risk factors or cardiovascular diseases.11,13 In
the FMD-J study most of the FMD measurements were
performed using the UNEX EF 18G (UNEX Co, Nagoya, Japan),
an ultrasound instrument specialized for FMD measurement
equipped with an automated edge-tracking system. Further-
more, FMD measurements were performed using a standard-
ized protocol in which an occlusion cuff was placed around the
forearm and inflated to 50 mm Hg above systolic blood
pressure for 5 minutes to induce reactive hyperemia with
continuous assessment of diameter change during reactive
hyperemia. Therefore, the protocols for FMD measurement
have been standardized, and data on FMD measured using the
same instrument and the same standardized protocol have
been obtained, making it possible to propose diagnostic

criteria of FMD for normal endothelial function in Japan. The
cutoff value of FMD for discrimination of subjects with and
those without cardiovascular risk factors or cardiovascular
diseases was 7.1% in a total of 7277 Japanese subjects.
Therefore, we propose that the cutoff value of FMD of the
brachial artery for normal endothelial function is 7.1% in
Japanese subjects.

Previous studies have shown that FMD in women is
significantly higher than that in men and that there is a
negative correlation between age and FMD.12,28,29 In the
present study, when the subjects were divided into 2 groups
by sex, the optimal cutoff values of FMD were 7.2% in men
and 6.2% in women. Although we do not know the precise
reasons for the substantial difference in the optimal cutoff
value of FMD between men and women in the present study,
there are some possible explanations, including differences in

Table 3. Clinical Characteristics of Subjects According to Age Decades

Variables <40 y (n=941) 40 to 49 y (n=2260) 50 to 59 y (n=2434) ≥60 y (n=1642)

Age, y 34.5�4.4 44.8�3.2 54.2�3.2 66.1�5.2

Men, n (%) 711 (75.6) 1927 (85.3) 2000 (82.2) 1179 (71.8)

Body mass index, kg/m2 22.7�3.7 23.6�3.5 23.6�3.1 23.9�3.1

Systolic blood pressure, mm Hg 120.6�14.6 125.1�14.8 128.3�16.4 132.6�17.8

Diastolic blood pressure, mm Hg 74.4�11.3 79.8�11.6 81.5�11.8 79.2�11.2

Heart rate, bpm 63.5�10.0 63.3�10.0 63.7�10.3 64.0�10.5

Total cholesterol, mmol/L 4.91�0.82 5.26�0.84 5.37�0.85 5.05�0.91

Triglycerides, mmol/L 1.23�1.06 1.47�1.05 1.49�0.97 1.46�1.05

HDL cholesterol, mmol/L 1.54�0.40 1.52�0.39 1.56�0.42 1.48�0.40

LDL cholesterol, mmol/L 2.81�0.73 3.08�0.75 3.14�0.76 2.92�0.81

Glucose, mmol/L 5.08�0.58 5.45�1.03 5.67�1.10 5.99�1.41

HbA1c, % 5.4�0.3 5.5�0.6 5.7�0.7 6.0�0.8

eGFR, mL/min per 1.73 m2 86.2�13.4 79.2�13.2 75.2�13.4 70.6�15.0

Current smokers, n (%) 276 (29.3) 816 (36.1) 829 (34.1) 266 (16.2)

Complications, n (%)

Hypertension 143 (15.2) 683 (30.2) 1096 (45.0) 1321 (80.5)

Dyslipidemia 274 (29.1) 1059 (46.9) 1295 (53.2) 1139 (69.4)

Diabetes mellitus 10 (1.1) 110 (4.9) 224 (9.2) 359 (21.9)

Chronic kidney disease 12 (1.3) 102 (4.5) 227 (9.3) 352 (21.4)

Cardiovascular disease 9 (1.0) 50 (2.2) 163 (6.7) 481 (29.3)

Medication use, n (%)

Antihypertensive drugs 37 (3.9) 302 (13.4) 581 (23.9) 1133 (69.0)

Lipid-lowering drugs 16 (1.7) 155 (6.9) 303 (12.5) 673 (41.0)

Antidiabetic drugs 8 (0.9) 75 (3.3) 163 (14.0) 252 (15.4)

FMD, % 7.8�3.1 6.9�3.1 5.8�2.8 5.0�2.7

No-risk group, n (%) 457 (48.6) 601 (26.6) 401 (16.5) 83 (5.1)

All results are presented as mean�SD. eGFR indicates estimated glomerular filtration rate; FMD, flow-mediated vasodilation; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein;
LDL, low-density lipoprotein.
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the numbers of subjects (5817 men versus 1460 women) and
the percentages of subjects in the no-risk group (17.3%
versus 36.7%) between men and women. When subjects were
divided into 4 groups according to age decades, the optimal
cutoff values of FMD were 8.9% in subjects younger than
40 years, 7.1% in subjects aged 40 to 49 years, 5.9% in
subjects aged 50 to 59 years, and 4.5% in subjects aged
60 years or older, indicating that the optimal cutoff value of
FMD declines with age. Because a negative correlation
between age and FMD has been consistently shown in
previous studies, the decline in the optimal cutoff value of
FMD with age may be relevant.

We previously reported that FMD above 7.1% is signifi-
cantly associated with a lower risk of cardiovascular events in
patients with coronary artery disease. Given that the cutoff
value of FMD for normal endothelial function was 7.1% in this
study, FMD may be useful for identifying subjects not at high

risk but at low risk for cardiovascular events. Although further
improvement in methodology is required,30 FMD may be an
important diagnostic methodology to identify patients at low
risk for cardiovascular events. Not all of the subjects with
FMD ≤7.1% are at high risk for future cardiovascular events.
We previously found that FMD <2.9% was associated with a
higher risk of first major cardiovascular event in a retrospec-
tive study in which measurements of FMD were performed
using the same protocol as that used in the present study.31

Further prospective studies are needed to investigate the
optimal cutoff for predicting future cardiovascular events.

Measurement of NID, an index of endothelium-independent
vasodilation, has been performed as a control test of FMD to
confirm that an impaired vasodilatory response to reactive
hyperemia is not due to decreased reactivity of vascular
smooth muscle cells to NO released from the endothelium but
truly is a consequence of endothelial dysfunction. However,

Table 4. Clinical Characteristics of the Subjects

Variables All Subjects (n=1764) No-Risk Group (n=72) Risk Group (n=1692)

Age, y 62.2�16.1 31.8�15.3 63.5�14.8

Men, n (%) 1109 (62.9) 53 (73.6) 1056 (62.5)

Body mass index, kg/m2 23.8�3.8 21.1�2.7 23.9�3.9

Systolic blood pressure, mm Hg 130.1�18.4 115.1�9.4 130.8�18.5

Diastolic blood pressure, mm Hg 76.7�12.1 66.5�9.3 77.1�12.0

Heart rate, bpm 69.5�12.0 64.7�11.5 69.7�12.0

Total cholesterol, mmol/L 4.94�0.97 4.48�0.62 4.96�0.98

Triglycerides, mmol/L 1.59�1.27 0.83�0.33 1.62�1.29

HDL cholesterol, mmol/L 1.53�0.43 1.68�0.38 1.52�0.43

LDL cholesterol, mmol/L 2.82�0.85 2.45�0.53 2.84�0.86

Glucose, mmol/L 6.31�2.19 4.89�0.92 6.37�2.21

HbA1c, % 5.6�1.0 5.1�0.3 5.6�1.0

eGFR, mL/min per 1.73 m2 70.4�20.3 88.8�12.8 114.8�39.8

Current smokers, n (%) 334 (18.9) 0 (0) 334 (19.7)

Complications, n (%)

Hypertension 1449 (82.1) 0 (0) 334 (19.7)

Dyslipidemia 1291 (73.2) 0 (0) 1291 (76.3)

Diabetes mellitus 552 (31.3) 0 (0) 552 (32.6)

Chronic kidney disease 453 (26.2) 0 (0) 453 (27.4)

Cardiovascular disease 424 (24.0) 0 (0) 424 (25.1)

Medication use, n (%)

Antihypertensive drugs 1223 (70.1) 0 (0) 1223 (73.2)

Lipid-lowering drugs 737 (42.2) 0 (0) 737 (44.1)

Antidiabetic drugs 224 (12.8) 0 (0) 224 (13.4)

NID, % 11.9�6.0 17.7�5.7 11.7�5.9

All results are presented as mean�SD. eGFR indicates estimated glomerular filtration rate; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein; NID,
nitroglycerin-induced vasodilation.
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recent studies have revealed that NID per se is impaired in
patients with cardiovascular risk factors or cardiovascular
diseases, indicating an association between vascular smooth
muscle dysfunction and cardiovascular disorders and raising
the possibility that NID of the brachial artery can be used as a
vascular biomarker.7-10,32 A recent clinical study demon-
strated significant correlations of NID in the brachial artery
with NID in the left anterior descending coronary artery and
NID in the left circumflex coronary artery assessed by
intracoronary isosorbide dinitrate infusion.33 Although the
mechanisms underlying the impairment of NID in patients
with cardiovascular risk factors have not been fully elucidated,
involvement of increased oxidative stress in vascular smooth
muscle cells has been postulated. Oxidative stress has been
shown to inhibit NO-mediated intracellular signaling pathways

in vascular smooth muscle cells, leading to impaired relax-
ation of vascular smooth muscle cells and consequent NID
impairment.10 We previously reported that vascular smooth
muscle function assessed by NID is maintained in patients at
low risk for cardiovascular disease in whom endothelial
function assessed by FMD was already impaired, whereas
both FMD and NID were impaired in patients at high risk for
cardiovascular disease.9 These findings suggest that FMD is
an appropriate marker of an early stage of atherosclerosis,
whereas NID can be used as a vascular biomarker of an
advanced stage of atherosclerosis. However, the cutoff value
of NID for normal vascular smooth muscle function is unclear.
Measurement of NID was not performed in the FMD-J study or
in the FDR study. Therefore, we investigated the cutoff value
of NID using data from subjects who underwent health-
screening examinations or who visited the outpatient clinic at
Hiroshima University Hospital. The cutoff value of NID for
discrimination of subjects with and those without cardiovas-
cular risk factors or cardiovascular diseases was 15.6%.
Therefore, we propose that the cutoff value of NID of the
brachial artery for normal vascular smooth muscle function is
15.6% in Japanese patients. Because of the small number of
subjects in the no-risk group (n=72), we did not perform
analysis of cutoff values of NID by sex or age decades.

In subjectswith impairedNID, it is theoretically impossible to
discern whether FMD impairment is a result of endothelial
dysfunction reflecting a balance between NO production in the
endothelium and NO destruction by reactive oxygen species or
concomitant abnormalities of endothelial function and vascular
smooth muscle function. In these patients FMD should be
interpreted not as an index of endothelial function but as flow-
mediated vascular reactivity reflecting both endothelium-
dependent and endothelium-independent vasodilation.

Although it is possible to measure FMD or NID in other
conduit arteries, such as the popliteal artery,34 measurements
of vascular functions in other peripheral arteries are techni-
cally challenging and are not regarded as a standard method
for the assessment of vascular functions. Measurements of
FMD and NID of the brachial artery have been performed for
almost 40 years and have been regarded as standard
noninvasive methods for the assessments of endothelial
function and vascular smooth muscle function. We therefore
investigated the diagnostic criteria for normal FMD and NID of
the brachial artery in this study.

There are some limitations in this study. First, FMD and
NID measurements were performed only in Japanese subjects.
Therefore, it would be difficult to apply the current diagnostic
criteria of FMD and NID to other races/ethnicities. Second,
FMD measurements were performed using a protocol in which
an occlusion cuff was placed around the forearm and inflated
to 50 mm Hg above systolic blood pressure for 5 minutes to
induce reactive hyperemia. Thus, it would be difficult to apply

Table 5. Clinical Characteristics of the Subjects According to
Sex

Variables Men (n=1109) Women (n=653)

Age, y 59.7�17.6 66.5�11.9

Body mass index, kg/m2 24.0�3.7 23.4�4.1

Systolic blood pressure, mm Hg 129.4�18.2 131.3�18.8

Diastolic blood pressure, mm Hg 77.3�12.1 75.7�12.0

Heart rate, bpm 68.7�12.1 70.9�11.9

Total cholesterol, mmol/L 4.82�0.95 5.15�0.96

Triglycerides, mmol/L 1.70�1.47 1.40�0.81

HDL cholesterol, mmol/L 1.47�0.41 1.63�0.43

LDL cholesterol, mmol/L 2.74�0.83 2.97�0.86

Glucose, mmol/L 6.35�2.30 6.26�2.00

HbA1c, % 5.6�1.1 5.6�0.7

eGFR, mL/min per 1.73 m2 71.6�20.8 68.5�19.1

Current smokers, n (%) 289 (26.1) 44 (6.7)

Complications, n (%)

Hypertension 877 (79.1) 570 (87.3)

Dyslipidemia 764 (68.9) 525 (80.4)

Diabetes mellitus 321 (28.9) 230 (35.2)

Chronic kidney disease 261 (24.1) 190 (29.6)

Cardiovascular disease 325 (29.3) 98 (15.0)

Medication use, n (%)

Antihypertensive drugs 737 (67.4) 484 (74.6)

Lipid-lowering drugs 413 (37.8) 323 (49.6)

Antidiabetic drugs 137 (12.5) 86 (13.2)

NID, % 12.4�5.9 11.2�6.1

No-risk group, n (%) 53 (4.8) 19 (2.9)

All results are presented as mean�SD. eGFR indicates estimated glomerular filtration
rate; HbA1c, glycated hemoglobin; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; NID, nitroglycerin-induced vasodilation.
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the current diagnostic criterion of FMD to subjects in whom
FMD measurement is performed using different protocols.
Notably, brachial artery dilatation has been shown to be
greater after upper arm occlusion than after forearm occlu-
sion.35 For example, the mean value of FMD of the brachial
artery measured using upper arm occlusion was reported to
be 6.0�3.5% in patients with stable coronary artery disease,
whereas the mean value of FMD measured using forearm
occlusion was 4.8�2.6% in patients with coronary artery
disease.3,36 Third, the response of the brachial artery to
75 lg of sublingually administered nitroglycerin was used for
the measurement of NID. Therefore, it is difficult to apply the
current diagnostic criterion of NID to subjects in whom
different doses of nitroglycerin are used for NID measure-
ment. The mean value of NID of the brachial artery measured
using 800 lg sublingual nitroglycerin was reported to be
12.5�5.4% in patients with stable coronary artery disease,
whereas the mean value of NID measured using 75 lg
sublingual nitroglycerin was 10.5�5.6% in patients with
cardiovascular disease.9,36 Fourth, the number of subjects
without cardiovascular risk factors or cardiovascular diseases
included in analysis of the cutoff value of NID was small
because the study subjects were recruited mainly from an
outpatient clinic. In addition, subjects in the no-risk group
were younger than those in the risk group. If a sufficient
number of middle-aged and older subjects for statistical
analysis had been included in the no-risk group, the cutoff
value of NID for normal vascular smooth muscle function
would have been lower. Further study is needed to investigate
the cutoff value for normal NID in a population with a
sufficiently large number of subjects who do not have
cardiovascular risk factors or cardiovascular diseases. Fifth,
baseline brachial artery diameter is a significant confounding
factor in the measurements of FMD and NID calculated as a
relative percentage change in baseline brachial artery diam-
eter in response to reactive hyperemia or nitroglycerin.37 A
previous clinical study showed that the absolute percentage
change in brachial artery diameter does not correctly scale for
interindividual differences in baseline brachial artery diameter
but overestimates vascular response for small baseline
brachial artery diameters and vice versa. Allometric scaling,
a statistical approach to account for the association between
baseline and peak brachial artery diameters, may be a useful
method for comparing different settings and/or populations
whenever differences in baseline diameter are present
between or within individuals.37

Conclusions
We investigated the cutoff values of FMD and NID of the
brachial artery to establish diagnostic criteria for normal
vascular function in Japanese subjects. We propose that the

cutoff value of FMD for normal endothelial function is 7.1%
and that the cutoff value of NID for normal vascular smooth
muscle function is 15.6% in Japanese subjects. Further
studies are needed to determine whether the current
diagnostic criteria of FMD and NID for normal vascular
function are appropriate for identifying subjects at low risk for
cardiovascular events in a prospective large clinical study.
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