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A B S T R A C T

Background: Abdominal aortic aneurysm (AAA) and peripheral artery disease (PAD) are associated with vascular
endothelial dysfunction. To date, flow-mediated vasodilatation (FMD) and nitroglycerin-mediated vasodilatation
(NMD) have been used to evaluate vascular function. Recently, parameters of time-course analysis have been
proposed as useful evaluations for arteriosclerotic diseases. In this study, the correlation between the parameters
of time-course analysis, to the degree of vascular endothelial damage in AAA and PAD, together with their
applicability as a vascular function test, was investigated.
Methods: Brachial artery vasoreactivity was assessed in male patients with AAA (n ¼ 150) and PAD (n ¼ 50). The
percentage change in peak diameters (ΔFMD and ΔNMD), the time to diameter change, the time to peak diameter
from the diameter change, the blood flow decay time constant, the area under the curve (AUC), the maximum
dilation rate and the extended time constant were measured.
Results: Among the groups of aneurysm diameter in AAA, the FMD-AUC was highly different (p ¼ .01), while the
ΔFMD was not significantly different (p ¼ .36). Among the Fontaine stages in PAD, the FMD-AUC was inversely
associated with severity (p ¼ .01) although the ΔFMD was not significantly different (p ¼ .71). Among the
Fontaine stages, the NMD-AUC was also inversely associated with severity (p ¼ .03) although the ΔNMD was not
significantly different (p ¼ .11).
Conclusion: This study suggests that FMD-AUC and NMD-AUC are useful for estimating vascular endothelial and
vascular smooth muscle dysfunction, serving as supplementary markers for the diagnosis and evaluation of PAD
and AAA.
1. Introduction

An abdominal aortic aneurysm (AAA) is caused by arterial wall
expansion, arising mainly due to chronic inflammation of the vascular
wall, and denaturation/necrosis of the vessel wall media [1]. The wall
tension increases with increase in lump diameter, and can possibly burst
when more than 55 mm [2,3]. This disease progresses without subjective
symptoms, and thus screening for early detection is important.

On the other hand, peripheral artery disease (PAD) is correlated to
arteriosclerosis, predominantly involving peripheral branches of the
lower limb arteries.
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Both the AAA and PAD can cause blood vessel functional disorders,
which result in complications with arteriosclerosis-related diseases [1].
The first stage of arteriosclerosis is vascular endothelial dysfunction, and
it is very important to assess the degree of arteriosclerosis by using blood
vessel function tests, for preventing future events in the great vessels of
the heart [7].

Flow-mediated vasodilatation (FMD) is important to reflect blood
vessel wall obstacles and arteriosclerosis-related conditions. In addition,
nitroglycerin-mediated vasodilatation (NMD) is recommended to deter-
mine the blood vessel functional disorder [7,8]. The combination of FMD
and NMD assessments can help determine whether the blood vessel
an.
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functional disorder is caused by vascular endothelial dysfunction or a
vascular smooth muscle functional disorder [9].

The ΔFMD and ΔNMD were calculated as the percentage changes in
peak diameter, from the resting baseline diameter, in each measurement.

However, ΔFMD and ΔNMD, together with their values, are only
evaluated at the point of maximum expansion, because the calculation is
based on the percentage changes in peak diameter from the resting
baseline diameter.

Recently, a new monitoring software allowing continuous measure-
ments has been developed [20]. Parameters of time-course analysis were
calculated via an analysis function. As the effect of shear stress was also
taken into consideration, the index was not significantly affected by the
baseline diameter. A previous report showed that the peak dilation rate,
rather than the ΔFMD, is the recommended parameter to confirm the
lack of cardiovascular risk in healthy people [21]. In addition, it has been
shown that ΔFMD tends to be low in patients with high cardiovascular
risk, as well as in elderly patients [22,23], and the FMD-AUC is a useful
marker for organ damage that associated with the progression of hy-
pertensive organ damage and cardiovascular events [24]. The FMD-AUC
is also low in the group with diabetes and dyslipidemia [25]. However,
the usefulness of the parameters of time-course analysis remains unclear
in patients with AAA and PAD.

The purpose of the present study was to investigate the correlation of
the parameters of time-course analysis to the degree of vascular endo-
thelial damage in AAA and PAD, together with their applicability for
vascular function testing.

2. Methods

2.1. Subjects

This study was an observational study for patients with AAA and PAD,
who visited Tohoku University Hospital from April 2015 to June 2019. A
total of 200 male patients were enrolled in the study; AAA patients (n ¼
150), and PAD patients (n¼ 50). The AAA subgroups were defined by the
maximum axial diameter (MAD), they were divided into small (30–40
mm), moderate (40–55 mm), and large (>55 cm) AAAs. The Fontaine
stages were based on the patient's self-reporting and consultation infor-
mation during the visit. The patients with PAD showed characteristic
symptoms of arteriosclerosis obliterans (Fontaine stages II, III, IV). Pa-
tients with AAA and PAD were each divided into two categories depen-
dent on whether they had diabetes mellitus (DM) or not, and
dyslipidemia or not based on the medical inquiry records in electronic
medical charts. The study received full regulatory and ethical approval
from the Graduate School of Medicine, Tohoku University (UMIN; 2019-
1-223). Every participant provided written consent: the study was con-
formed to the ethical guidelines of the 1975 Declaration of Helsinki and
was approved by the Ethical Committee.

2.2. Preparation for measurement

The participants were instructed to avoid smoking, eating, drinking
(anything except water), taking medicines, and exercising, after 10:00
p.m. on the night before the procedure. The inspections were measured
from 8:30 a.m. to 11:30 a.m. The brachial artery was scanned using a
vascular ultrasound system equipped with a software for monitoring the
brachial artery diameter (UNEX EF 38G, Nagoya, Japan).

The diastolic diameter of the brachial artery was determined
continuously with system recordings of B-mode images, and A-mode
waves of the brachial artery in the longitudinal plane were obtained.
These border interfaces were based on the A-mode waves, and the near
(media-adventitia) and far (intima-inner lumen) interfaces were manu-
ally determined. Intensity conversion was performed via the A-mode,
which had a high resolution and provided the primary information
regarding the amplitude and distance of the ultrasonic waves, following
which the B-mode display was performed. In preparation for the
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measurements, the subject exposed the upper arms, the right arm was
stabilized with a cushion, and the cuff was placed on the right forearm.
The sphygmomanometer was wound and fixed around the left arm.
Electrocardiogram tabs were applied on the wrist.

2.3. Flow-mediated vasodilation measurement

The FMD measurement was performed by an experienced technician
in a quiet and dimly lit, air-conditioned room (22–25 �C), with the pa-
tient in supine position. The brachial artery was scanned in longitudinal
Sections 2-10 cm above the tip of the atrophied cuff for 10 min or more,
in the supine position. When the intimal wall (near wall, far wall) of the
brachial artery was visualized as continuously and horizontally as
possible, the probe was fixed, and the resting vessel diameter was
measured. If a drip needle or the dialysis shunt was placed in the right
arm, the measurement was performed on the opposite arm. Hyperemia
was induced by inflating and deflating the forearm blood pressure cuff
(up to 50 mm Hg above the participant's systolic blood pressure) for 5
min, and then rapidly deflating the cuff, however, no pressure was
applied above 250 mm Hg. Images of the brachial artery were recorded
for 3 min after cuff deflation.

2.4. Nitroglycerin-mediated vasodilation measurement

After the FMD measurements, the NMD was measured. NMD was
assessed by obtaining images for 15 min after the administration of
sublingual nitroglycerin (0.3 mg). However, nitroglycerin was omitted if
the patient refused, had a systolic blood pressure of <100 mm Hg, or a
history of an adverse reaction to nitrates. After administration of sub-
lingual nitroglycerin, the observer looked into the participant's mouth to
check for complete dissolution of the tablet. If the tablet was not dis-
solved, the participant was instructed to move the tongue to promote
dissolution. The FMD and NMD parameters were obtained by time-course
analysis.

2.5. Time-course analysis

Parameters of time-course analysis were obtained by the system
(UNEX EF 38G, Nagoya, Japan), using methods described in a previous
report [16]. Parameters of time-course analysis were the results for the
following six terms related to vascular functions, which could be evalu-
ated from these indices: (i) the expansion start time; the time taken from
releasing the tourniquet or sublingual administration of nitroglycerin, up
to reaching the change in diameter, (ii) the expansion time; the time
taken from the start to reach the peak diameter, (iii) the blood flow decay
time constant; the attenuation time constant indicating the bloodstream
in the process of change, (iv) the AUC; the integrated response was
calculated as the area under the dilation curve during the maximum
dilation period after the change in diameter, (v) the maximal dilation
rate; the maximal dilation rate in millimeters per second, calculated as
the maximum value of the slope of the diameter dilation as a function of
time taken from cuff release to reaching up to the peak diameter, and, (vi)
the extended time constant; the extended time constant indicating the
time to reach 63% of the peak diameter (Fig. 1). These indices were
automatically calculated by the system described above (UNEX EF 38G).

2.6. Statistical analysis

Statistical analyses were performed using the SPSS 21 software (SPSS
Inc, Chicago, Ill). A probability value of < 0.05 was considered signifi-
cant. Summary statistics are presented as mean � SD or median,
depending on the normality of distribution. Paired t-tests were applied to
compare the DM patients with those without DM, and also, the dyslipi-
demia patients with those without dyslipidemia. Nonparametric tests for
Kruskal-wallis test, and the Spearman rank correlation were used, as
many variables demonstrated a non-Gaussian distribution. The vascular



Fig. 1. Real-time semi-automatic analysis of pa-
rameters. Definition of the expansion start time,
expansion time, blood flow decay time constant,
AUC, maximal dilation rate, and the extended
time constant. ΔFMD/ΔNMD, the magnitude in
percentage change in peak diameter from base-
line; expansion start time, the time from releasing
the tourniquet or sublingual administration to
reach the change in diameter; expansion time, the
time from the start to reach the peak diameter;
blood flow decay time constant, the blood flow
decay time constant indicating the bloodstream
in the process of change; AUC, the integrated
response calculated as the area under the dilation
curve during the maximum dilation period after
change of diameter; maximal dilation rate, the
maximal dilation rate is calculated as the
maximum slope of the diameter dilation; the
extended time constant, the extended time con-
stant indicates the time to reach 63% of the peak
diameter.
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function test index used in this study includes ΔFMD and ΔNMD, which
were calculated based on the resting blood vessel diameter, and the pa-
rameters of time-course analysis were calculated semi-automatically.
Inter-observer variability of the baseline diameter, which is the basis of
the vascular function test index was excellent, with the mean bias (0.008)
and the coefficient of variation (0.017) with CI (�0.035 to 0.052).
Published data has demonstrated the acceptable reproducibility of
measurements for vascular function evaluations [26], and our experience
showed that similar reproducibility between observers was obtained.

3. Results

A total of 249 male patients were enrolled in the study; AAA patients
(n ¼ 181), and PAD patients (n ¼ 68). In addition, a total of 200 male
patients were screened in the study; AAA patients (n ¼ 150), and PAD
patients (n ¼ 50). All subjects were male because estrogen of female
Fig. 2. Flow chart of AAA and PAD patient inclusion and exclusion. AAA ¼ abdomina
the aneurysm diameter: 12 cases with 30–40 mm, 104 cases with diameter 41–55 m
category: 28 cases in Fontaine stage II, 15 cases in stage III, and 7 cases in stage IV.
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hormone improves flow-mediated endothelium-dependent vasodilation
in postmenopausal women and sexual differences may confound the re-
sults of data analysis [27]. Patients with atrial fibrillation, AAA patients
with cystoid aneurysms, and those who had combined AAA with PAD
were also excluded (Fig. 2).

3.1. A summary of AAA parameters according to the aneurysm diameter

Baseline characteristics of patients with AAA are shown in Table 1.
The subjects were distributed as follows, on the basis of aneurysm
diameter: 12 cases with 30–40 mm, 104 cases with diameter 41–55 mm,
and 34 cases with diameter >55 mm. The proportion of dyslipidemia
tended to increase as the diameter of the aneurysm increased. However,
no significant difference was found in any item.

The parameters of FMD and NMD according to the aneurysmal
diameter are shown in Table 2. Among the subgroups as per the
l aortic aneurysm; PAD ¼ peripheral artery disease. AAA distributed according to
m, and 34 cases with diameter >55 mm. PAD distributed according to Fontaine



Table 1
Summary of characteristics of Abdominal Aortic Aneurysm patients, distributed according to the aneurysm diameter.

All patients (N ¼ 150) 30–40 mm (N＝12) 41–55 mm (N＝104) >55 mm (N＝34) P Value

Age(y) 72 � 8 74 � 13 73 � 7 72 � 9 0.25
BMI 23 (21–25) 23 (20–26) 23 (21–25) 23 (21–26) 0.88
Pressure (mmHg) (SBP/DBP) 134/80 � 19/10 122/74 � 14/10 135/80 � 20/10 138/81 � 23/11 0.94/0.20
Packyear 40 � 19 26 � 14 41 � 19 43 � 20 0.07
Current smoker, N (%) 21 (14) 2 (17) 15 (14) 4 (12) 0.86
Past history of smoking (>1 mo), N (%) 129 (86) 9 (75) 91 (88) 29 (85) 0.47
Never smoked, N (%) 21 (14) 3 (25) 13 (13) 5 (15) 0.47
Coronary artery disease, N (%) 21 (14) 1 (8) 14 (14) 6 (18) 0.73
Cerebrovascular disease, N (%) 6 (4) 0 (0) 6 (6) 0 (0) 0.47
Hypertension, N (%) 119 (79) 10 (83) 85 (82) 24 (71) 0.36
Dyslipidemia, N (%) 74 (49) 4 (33) 48 (46) 22 (65) 0.09
T-Cho (mmol/L) 4.4 (3.9–5.0) 4.6 (4.1–4.8) 4.5 (4.0–5.0) 4.3 (3.7–5.1) 0.93
HDL (mmol/L) 1.0 (0.9–1.3) 1.1 (0.9–1.4) 1.0 (0.9–1.3) 1.0 (0.9–1.2) 0.39
LDL (mmol/L) 2.6 (2.1–3.0) 2.6 (2.2–3.0) 2.6 (2.1–3.1) 2.5 (2.0–3.0) 0.95
TG (mmol/L) 1.3 (1.0–1.9) 1.2 (0.8–1.8) 1.4 (1.1–1.9) 1.3 (1.0–1.6) 0.51
DM, N (%) 29 (19) 2 (17) 23 (22) 4 (12) 0.46
HbA1c, (%) 5.9 6.2 5.9 5.7 0.10
EGFR 60 (51–72) 54 (51–67) 61 (52–71) 60 (47–72) 0.65
Anticoagulants, N (%) 66 (54) 6 (50) 46 (44) 14 (41) 0.86
Statins, N (%) 42 (28) 0 (0) 30 (29) 11 (32) 0.29
β-Blockers, N (%) 28 (19) 2 (17) 20 (19) 6 (18) 1.00
ARB, N (%) 60 (40) 5 (42) 42 (40) 13 (38) 1.00
ACE inhibitors, N (%) 19 (13) 1 (8) 15 (14) 3 (9) 0.78
Calcium antagonists, N (%) 78 (52) 5 (42) 54 (52) 19 (56) 0.69
NO donors, N (%) 12 (8) 1 (8) 7 (7) 4 (12) 0.54
CRP 0.1 (0.1–0.25) 0.1 (0.08–0.21) 0.1 (0.1–0.2) 0.2 (0.1–0.7) 0.08
Base line (mm) 4.3 � 0.5 4.4 � 0.5 4.3 � 0.6 4.2 � 0.5 0.51

Results are expressed as median (interquartile range) or number (%) or mean � SD.
AAA ¼ abdominal aortic aneurysm; ACE ¼ Angiotensin converting enzyme; ARB ¼ angiotensin II receptor blocker; BMI ¼ body mass index; CRP¼C-reactive protein;
DBP ¼ diastolic blood pressure; DM ¼ diabetes mellitus; eGFR ¼ estimated glomerular filtration rate; HbA1C ¼ glycated hemoglobin; HDL ¼ high density lipoprotein;
LDL ¼ low density lipoprotein; NO ¼ nitric oxide; SBP ¼ systolic blood pressure; T-Cho ¼ total cholesterol; TG ¼ triglycerides.

Table 2
FMD and NMD parameters according to the aneurysm diameter and the Fontaine stage.

All patients (N ¼ 150) 30–39 mm (N＝12) 40–55 mm (N＝104) >55 mm (N＝34) P Value

FMD
ΔFMD (%) 4.6 � 2.7 4.1 � 2.7 4.5 � 2.7 5.0 � 2.5 0.36
Expansion start time (s) 30.0 � 13.6 32.2 � 12.0 30.2 � 14.2 28.4 � 12.0 0.38
Expansion time (s) 21.9 � 11.2 19.8 � 8.1 21.0 � 11.0 25.3 � 12.0 0.08
Blood flow decay time constant (s) 18.8 � 11.2 21.4 � 12.3 18.5 � 11.4 18.6 � 10.0 0.72
FMD-AUC 1.8 � 1.3 1.7 � 1.2 1.6 � 1.36 2.2 � 1.3 0.01a

Maximal dilation rate (mm/s) 0.02 � 0.01 0.02 � 0.01 0.02 � 0.01 0.02 � 0.01 0.32
Extended time constant (s) 52.2 � 69.7 51.3 � 61.4 49.7 � 59.3 60.5 � 96.2 0.35
NMD
ΔNMD (%) 18.8 � 6.5 16.1 � 6.7 19.0 � 6.4 19.2 � 6.4 0.21
Expansion start time (s) 123.4 � 60.5 137.3 � 58.8 121.9 � 61.4 123.3 � 57.7 0.84
Expansion time (s) 514.0 � 177.5 487.9 � 164.2 521.8 � 183.6 498.4 � 160.0 0.20
NMD-AUC 270.3 � 151.4 258.3 � 227.3 273.6 � 145.4 264.0 � 138.0 0.16
Maximal dilation rate (mm/s) 0.02 � 0.02 0.02 � 0.01 0.03 � 0.02 0.03 � 0.02 0.15
Extended time constant (s) 231.8 � 109.0 253.5 � 144.1 233.1 � 106.6 220.5 � 101.4 0.28

All patients (N ¼ 50) II (N＝28) III (N＝15) IV (N ¼ 7) P
Value

FMD
ΔFMD (%) 3.4 � 2.0 3.5 � 1.9 3.5 � 2.5 2.7 � 0.9 0.71
Expansion start time (s) 28.0 � 17.1 24.7 � 17.0 29.9 � 16.7 33.9 � 15.9 0.19
Expansion time (s) 22.8 � 11.9 24.4 � 13.6 21.6 � 9.5 18.5 � 7.1 0.52
Blood flow decay time constant (s) 15.0 � 6.8 15.5 � 7.7 14.5 � 5.9 14.2 � 4.2 0.94
FMD-AUC 1.5 � 1.6 1.8 � 1.7 1.2 � 1.5 0.4 � 0.3 0.01a

Maximal dilation rate (mm/s) 0.01 � 0.00 0.01 � 0.00 0.01 � 0.00 0.01 � 0.00 0.10
Extended time constant (s) 35.7 � 24.3 33.4 � 23.7 34.9 � 21.8 46.7 � 28.5 0.40
NMD
ΔNMD (%) 13.3 � 7.2 14.3 � 7.6 13.8 � 6.0 11.1 � 6.4 0.11
Expansion start time (s) 138.3 � 92.3 147.5 � 106.9 143.3 � 75.0 106.0 � 33.5 0.20
Expansion time (s) 437.1 � 202.9 458.3 � 207.9 421.1 � 223.1 379.0 � 112.6 0.71
NMD-AUC 170.1 � 147.7 195.9 � 154.0 172.3 � 144.6 110.0 � 61.9 0.03a

Maximal dilation rate (mm/s) 0.02 � 0.01 0.02 � 0.01 0.02 � 0.01 0.01 � 0.01 0.42
Extended time constant (s) 400.3 � 439.3 396.2 � 410.8 274.7 � 286.3 471.6 � 533.7 0.34

Data are expressed as mean � SD.
a P value < 0.05.

N. Konno et al. International Journal of Cardiology Hypertension 8 (2021) 100080

4



Table 3
Summary of characteristics of Peripheral Artery Disease patients according to Fontaine stage.

All patients (N ¼ 50) II (N＝28) III (N＝15) IV (N＝7) P Value

Age(y) 70 � 9 72 � 8 72 � 7 70 � 11 0.30
BMI 23 (21–24) 24 (21–23) 22 (21–25) 20 (19–25) 0.44
Pressure (mmHg) (SBP/DBP) 144/74 � 21/10 147/74 � 19/10 136/75 � 25/10 146/73 � 16/7 0.34/0.98
Packyear 43 � 28 37 � 20 49 � 25 50 � 53 0.20
Current smoker, N (%) 2 (4) 2 (7) 0 (0) 0 (0) 0.44
Past history of smoking (>1 mo), N (%) 48 (96) 26 (92) 15 (100) 7 (100) 0.44
Never smoked, N (%) 8 (16) 5 (18) 1 (7) 2 (29) 0.34
Coronary artery disease, N (%) 8 (16) 4 (14) 1 (7) 3 (43) 0.09
Cerebrovascular disease, N (%) 1 (2) 0 (0) 1 (7) 0 (0) 0.30
Hypertension, N (%) 44 (88) 25 (89) 12 (80) 7 (100) 0.39
Dyslipidemia, N (%) 29 (58) 17 (61) 7 (47) 5 (71) 0.50
T-Cho (mmol/L) 4.3 (3.7–5.1) 4.4 (3.7–5.1) 4.6 (4.0–5.3) 3.9 (3.8–4.1) 0.29
HDL (mmol/L) 1.0 (0.8–1.3) 1.0 (0.8–1.3) 1.1 (1.0–1.3) 1.1 (0.8–1.2) 0.78
LDL (mmol/L) 2.4 (1.9–3.1) 2.6 (1.9–3.1) 2.6 (2.0–3.0) 2.3 (2.2–2.3) 0.78
TG (mmol/L) 1.3 (1.2–2.0) 1.4 (1.2–2.0) 1.4 (1.2–1.9) 0.9 (0.7–2.2) 0.75
DM, N (%) 28 (56) 5 (33) 23 (22) 6 (86) 0.05
HbA1c, (%) 6.2 6.4 5.9 6.2 0.78
eGFR 55 (37–67) 55 (37–67) 61 (5–109) 19 (7–30) 0.55
Anticoagulants, N (%) 43 (86) 13 (87) 46 (43) 6 (86) 1.00
Statins, N (%) 13 (26) 5 (33) 42 (28) 2 (29) 0.67
β-Blocker, N (%) 14 (28) 4 (27) 31 (30) 4 (57) 0.17
ARB, N (%) 25 (50) 9 (60) 43 (41) 1 (14) 0.12
ACE inhibitors, N (%) 5 (10) 2 (13) 16 (15) 2 (29) 0.13
Calcium antagonists, N (%) 28 (56) 10 (67) 55 (52) 1 (14) 0.54
NO donors, N (%) 8 (16) 3 (20) 7 (7) 2 (29) 0.45
CRP 0.1 (0.1–0.3) 0.1 (0.1–0.3) 0.1 (0.1–0.38) 0.2 (0.1–0.55) 0.51
Base line (mm) 4.2 � 0.5 4.3 � 0.5 4.2 � 0.5 4.1 � 0.5 0.71

Results are expressed as median (interquartile range) or number (%) or mean � SD.
AAA ¼ abdominal aortic aneurysm; ACE ¼ Angiotensin converting enzyme; ARB ¼ angiotensin II receptor blocker; BMI ¼ body mass index; CRP¼C-reactive protein;
DBP ¼ diastolic blood pressure; DM ¼ diabetes mellitus; eGFR ¼ estimated glomerular filtration rate; HbA1C ¼ glycated hemoglobin; HDL ¼ high density lipoprotein;
LDL ¼ low density lipoprotein; NO ¼ nitric oxide; SBP ¼ systolic blood pressure; T-Cho ¼ total cholesterol; TG ¼ triglycerides.
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aneurysm diameter in AAA, during the FMDmeasurement, the FMD-AUC
was highly different (p ¼ .01), while the ΔFMD was not significantly
different (p¼ .44). The FMD-AUC was low in patients with DM (p¼ .04).
In the NMD measurement, there was no correlation between aneurysm
diameter and the different parameters of NMD time-course ana-
lysis—ΔNMD, the time to change in diameter after either forearm
ischemia or administration of sublingual nitroglycerin, the time to reach
peak diameter from the change of diameter, the NMD-AUC, the maximal
dilation rate and the extended time constant.

3.2. Summary of PAD parameters according to the fontaine stage

The summary of the characteristics of PAD are shown in Table 3. The
subjects were 28 cases in Fontaine stage II, 15 cases in stage III, and 7
cases in stage IV. No significant difference was found in any item.

The parameters of FMD and NMD according to the Fontaine stages are
shown in Table 2. Among the Fontaine stages in PAD, for FMD mea-
surement, the FMD-AUC was inversely associated with severity (p ¼ .01)
although the ΔFMD was not significantly different (p ¼ .71). The FMD-
AUC was significantly low in patients with DM (p ¼ .04) and dyslipide-
mia (p ¼ .01). In the NMD measurement, the NMD-AUC was inversely
associated with severity (p ¼ .03) although the ΔNMD was not signifi-
cantly different (p ¼ .11).

4. Discussion

4.1. The relationship between aneurysm diameter and FMD-AUC in
patients with AAA

In this study, the patients with AAA were divided into three sub-
groups on the basis of aneurysm diameter (30–40 mm, 40–55 mm, and
>55 mm). Upon examining whether the parameters of time-course
analysis were associated with aneurysm diameter, among the sub-
groups in AAA, theΔFMDwas not significantly different (p¼ .36), unlike
in previous reports [28,29]. Previous reports have shown that the ΔFMD
5

decreased as the aneurysm diameter increased, showing a negative cor-
relation between aneurysm diameter and ΔFMD [28,29]. One reason
could be the difference in the distribution of aneurysm diameter in our
study, as compared to previous studies. However, among the subgroups
according to aneurysm diameter in AAA, the FMD-AUC was highly
different (p ¼ .01).

Lee et al. reported that the distribution of the aneurysm diameter was
about 25% for 30–39 mm, 44% for 40–55 mm, and 31% for �55 mm
[28]. Medina et al. also reported a distribution of 27% for �37 mm, 23%
for 38–43 mm, 23% for 44–59 mm and 27% for �60 mm [29]. On the
other hand, in our study, we found 8% between 30 and 40 mm, 69%
between 41 and 55 mm and 23% at >55 mm, with the highest frequency
at around 50 mm. Thus, the distribution had large variations, which may
explain why the ΔFMD was not significantly different (p ¼ .36).

On the other hand, in NMD measurement, there was no correlation
between aneurysm diameter and the parameters of NMD time-course
analysis—ΔNMD, the time to the change of diameter after either fore-
arm ischemia or administration of sublingual nitroglycerin, the time to
peak diameter from the change of diameter, NMD-AUC, the maximal
dilation rate and the extended time constant. The guideline [1] shows
that elastic fibers are often left in the media of AAA, and the medial
smooth muscle cell loss occurs with the progress of the aneurysm. Since
NMDmeasurement observed for vascular smooth muscle dysfunction, no
relationship was observed between the aneurysm diameter and the NMD
parameter in this study. Thus, it was considered that the vascular smooth
muscle already loss.

The vasodilator response in FMD and NMD measurements is strongly
related mainly to the NO response. A previous report has shown that the
production of oxidative stress from vascular endothelial cells increases
and the production of nitric oxide decreases with increasing age [30].
Therefore, the ΔFMD decreases with increasing age due to the strong
relation with nitric oxide reaction. The subjects of this study were elderly
with an average age of 70 years. In addition, the presence of cardiovas-
cular disease and oxidative stress is thought to form a vicious circle,
leading to the development of arteriosclerosis [18], and a previous study
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showed that ΔFMD tends to be low in patients with high cardiovascular
risk [22,23].

According to a previous, the FMD-AUC is low in diabetes and dysli-
pidemia patients compared with healthy subjects [25]. But the FMD-AUC
was lower in patients with diabetes only in this study. One of the reasons
the FMD-AUC was not significantly different in dyslipidemia patients
compared to those without dyslipidemia (p ¼ .44), may be that the
comparison of the FMD-AUC for dyslipidemia with the healthy group
could not be made in this study.
4.2. The association between fontaine staging and the FMD/NMD-AUC in
patients with PAD

In this study, patients with PAD were divided into three groups
(Fontaine stages II, III, and IV). Upon examining whether parameters of
time-course analysis are associated with severity of PAD among the
Fontaine stages of PAD, the ΔFMD was not significantly different (p ¼
.71); this was similar to previous reports [31]. A previous report has
shown that the ΔFMD is not associated with severity [31]. However,
among the Fontaine stages in PAD, the FMD-AUC was highly different (p
¼ .01), and it was suggested that the FMD-AUC may reflect the presence
of vascular endothelial dysfunction.

On the other hand, in NMD measurements, and among the Fontaine
stages of PAD, the NMD-AUC was inversely associated with severity (p ¼
.03) although the ΔNMD was not significantly different (p ¼ .11). This
suggested that the vascular smoothmuscle was affected depending on the
severity.

This study is the first report that shows the association between FMD/
NMD-AUC and severity, suggesting that FMD/NMD-AUC are factors
more closely associated with severity than ΔFMD and ΔNMD. For either
AAA or PAD, it has been suggested that the sensitivity of FMD/NMD-AUC
is greater thanΔFMD andΔNMD, for estimating vascular endothelial and
vascular smooth muscle dysfunction.

Regarding the previous report that FMD-AUC is associated with DM
or dyslipidemia [25], the FMD-AUC was significantly lower in subjects
with DM or dyslipidemia than those without DM (p ¼ .04) or dyslipi-
demia (p ¼ .02) in our study.

In this study, the FMD/NMD-AUC values lowered as the severity of
the PAD progressed higher. Therefore, the vasodilator response up to
maximum was associated with the severity of PAD, and it was suggested
that FMD/NMD-AUC was an index that reflected cardiovascular risk in
not only DM and dyslipidemia, but also in patients with PAD, by
observing the vasodilation response up to the peak dilation response to
quantify it as FMD/NMD-AUC. It has been shown that the vascular
dysfunction demonstrated by vascular function measurement emerges
from a relatively early stage [32], allowing the earlier detection of
arteriosclerosis in patients with PAD. It has been reported that the
severity of PAD is associated with vascular endothelial dysfunction
[33–35], and in turn, the vascular endothelial function seems to be a
prognostic factor for PAD [36]. Therefore, it is speculated that early di-
agnoses, along with prevention and interventional treatment, may lead to
the suppression of cardiovascular events [6].

It is important to clarify whether early intervention can increase the
FMD/NMD-AUC, and to clarify whether FMD/NMD-AUC can become a
new index that suppresses cardiovascular events. Thus, the parameters of
time-course analysis are now available for monitoring the onset, initi-
ating prevention, and developing policies for cardiovascular events that
occur with PAD.

Regarding measurement principles, the benefit of FMD/NMD-AUC is
that it is calculated as the area of integrated continuous response under
the dilation curve during the peak dilation period, and after the change in
diameter up to the peak diastolic diameter. It is an integrated value that
includes the vasodilation response from releasing the tourniquet or
sublingual nitroglycerin administration, until the peak diastolic diameter
6

is reached, without being affected by the resting baseline diameter.
The values of ΔFMD and ΔNMD are evaluated at only one point of

maximum expansion, because the calculation is based on the percentage
change in peak diameter from the resting baseline diameter. Resting
baseline diameter greatly affects measured ΔFMD and ΔNMD, as these
were evaluated at only one point of maximum expansion, and calculated
based on the percentage change in peak diameter from the resting
baseline diameter. Thus, endothelial function might be underestimated
by ΔFMD andΔNMD in patients with a relatively large brachial artery. In
addition, a slight deviation due to deep breathing or body movement
could affect the measurement results, because the evaluation was per-
formed in 0.01 mm units. For either AAA or PAD, while ΔFMD and
ΔNMD are strongly affected by the baseline diameter, FMD/NMD-AUC
are not affected [24,37].

Since FMD/NMD-AUC continuously measure the vasodilator
response, the shear stress on the vascular endothelium, which exists in
association with the maximal reactive hyperemia [38], was considered.
This suggested that the FMD/NMD-AUC reflect vascular endothelial
dysfunction conditions better than ΔFMD and ΔNMD.

4.4. Study limitations

This study had some limitations. Firstly, the healthy group was not
targeted in this study, and the comparison of vascular dysfunction in
patients with AAA and PAD groups with healthy groups could not be
made. It is necessary to target a healthy group with unified conditions
such as age. Secondly, patients were not evaluated for vascular function
after surgical intervention. It is necessary to make similar observations
before and after surgical intervention, in future studies, to reinforce our
findings.

5. Conclusions

In this study, the FMD-AUC and NMD-AUCwere found to be useful for
estimating vascular endothelial and vascular smooth muscle dysfunction.
Thus, the FMD-AUC and NMD-AUC might serve as a supplementary
marker for the diagnosis and evaluation of vascular dysfunction in pa-
tients with AAA and PAD.
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