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Functional arterial stiffness assessed by changes in pulse wave
velocity after exercise reflects the severity of atherosclerosis in
hypertensive patients with or without type 2 diabetes mellitus
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Objective: The purpose of this study was to determine whether or not functional arterial stiffness, as
assessed by changes in brachial-ankle pulse wave velocity (ba-PWV) after exercise, reflects the
severity of atherosclerosis in hypertensive patients with or without type 2 diabetes mellitus (DM).
Methods: Treated hypertensive patients were divided into hypertension (HT) (n = 102, 62 ± 10 yr)
and HT + DM (n = 76, 62 ± 9 yr) groups.  Changes in ba-PWV before and after the cycle ergometer
exercise at moderate intensity were calculated as an indicator of functional arterial stiffness (⊿PWV).
We further divided patients into two subgroups based on ⊿PWV (⊿PWV[-] and ⊿PWV[+] subgroups)
and compared their carotid intima-media thickness (cIMT).  Stepwise regression analysis was performed
with cIMT as a dependent variable, and clinical characteristics, functional arterial stiffness, vascular
endothelial function, and autonomic nervous activity as independent variables.
Results: cIMT was significantly thicker in the ⊿PWV(+) subgroup than in the ⊿PWV(-) subgroup
in both the HT and the HT + DM groups (P < 0.05 and P < 0.05, respectively).  Stepwise regression
analysis revealed that age, ⊿PWV, and high-density lipoprotein cholesterol (HDL-C) were significant
independent limiting factors for cIMT (age: β = 0.314, P < 0.001; ⊿PWV: β = 0.257, P < 0.001;
HDL-C: β = -0.205, P < 0.01) (R2 = 0.21, P < 0.001).
Conclusion: Functional arterial stiffness reflects the severity of atherosclerosis in HT patients with or
without type 2 DM.
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BMI, body mass index; LDL-C, low-density-lipoprotein cholesterol; HDL-C, high-
density-lipoprotein cholesterol; TG, triglyceride; vWF, von Willebrand factor; TM,
thrombomodulin; hs-CRP, high-sensitivity C-reactive protein; HRV, heart rate
variability; LF, low-frequency components; HF, high-frequency components; NORA,
noradrenaline; ADRN, adrenaline; ALD, aldosterone; PRA, plasma renin activity;
CCA, common carotid artery; Bul, carotid bulb; ICA, internal carotid artery; cIMT,
maximum carotid intima-media thickness

Introduction

ulse wave velocity (PWV), a clinical indicator of
arterial stiffness, is an independent predictor of

cardiovascular events and mortality in patients with

hypertension (HT) and/or diabetes mellitus (DM).1-4

Although PWV is typically measured at rest to assess
arterial stiffness, some studies have shown that PWV
decreases after a single session of physical exercise in
healthy individuals.5-7  This decrease reportedly occurs
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due to the increased production of vasodilator substances
such as nitric oxide (NO) or decreased sympathetic
nervous activity.5-7  In our previous study evaluating
cardiovascular responses using changes in brachial-ankle
PWV (ba-PWV) after exercise as an indicator of
functional arterial stiffness, ba-PWV increased after
moderate exercise with an intensity equivalent to physical
activities of daily living (e.g., stair-climbing or hill
walking) in patients with essential HT.8  This unusual
response was also observed in patients who had vascular
endothelial dysfunction and autonomic imbalance, even
after their HT improved with antihypertensive
medication.8  These findings indicate the possibility that
arterial stiffness likely rises during activities of daily
living in HT patients who show increases in ba-PWV
after moderate intensity exercises.  Given that increased
arterial stiffness can cause vessel wall damage via pressure
overload,9-11 frequent elevations in arterial stiffness may
be accompanied by a progression of atherosclerosis.

Vascular endothelial dysfunction and autonomic
disturbance readily develop in patients with DM due to
hyperglycemia and insulin resistance.12,13  Thus,
functional arterial stiffness is considered more severe in
HT patients with DM than in those without DM.
However, only a few studies have assessed the
relationship between functional arterial stiffness and the
severity of atherosclerosis in HT patients with and without
DM.  Accordingly, this study aimed to clarify the clinical
characteristics of HT patients who showed unusual
responses in functional arterial stiffness after exercise
and investigate whether functional arterial stiffness
reflects the severity of atherosclerosis.

Patients and Methods

The study protocol was approved by the Ethics Committee
of Kitasato University Hospital.  After receiving an
explanation regarding the study purpose and protocol,
all the participants gave their written informed consent.

Among the outpatients with essential HT who
regularly visited the Outpatient Clinic of Cardiovascular
Medicine of the Kitasato University Hospital between
June 2010 and July 2013, those whose blood pressure
(BP) had been maintained below 130/85 mmHg with
antihypertensive medication were enrolled in this study.
Patients with other major diseases, such as previous
myocardial infarction, angina pectoris, uncontrolled
congestive heart failure, severe renal disease, type 1 DM,
atrial fibrillation, or frequent arrhythmias, were excluded
from the study. Patients were also excluded if they could
not carry out exercise tests using a treadmill and a cycle

ergometer due to neurological diseases or orthopedic
disorders, or if they had an ankle brachial index of <0.90
(for which ba-PWV measurements were less reliable).

Patients were assigned to HT and HT + DM groups
based on whether or not they had DM.  DM was defined
according to guidelines of the Japanese Diabetes
Society.14  Patients with fasting plasma glucose (FPG)
≥126 mg/dl, 2-hour plasma glucose in an oral glucose
tolerance test ≥200 mg/dl, and/or casual plasma glucose
≥200 mg/dl were classified as being of a diabetic type.
Among these patients, those who also had typical diabetic
symptoms, showed hemoglobin A1c (HbA1c) National
Glycohemoglobin Standardization Program ≥6.5%, and/
or showed diabetic type of plasma glucose value even in
the re-measurement were diagnosed as having DM.  In
addition, normal healthy volunteers without HT, DM,
dyslipidemia, or cardiovascular diseases were recruited
and assigned to the age-matched control group.

Study protocol
After clinical characteristics were obtained from medical
records or by interview, participants underwent BP
measurement, fasting blood collection, 24-hour Holter
electrocardiogram (ECG), and carotid ultrasonography
at the beginning of the study.  This was followed by
exercise tests using a treadmill to assess exercise tolerance
and a cycle ergometer to examine functional arterial
stiffness.  These exercise tests were carried out on different
days at least 48 hours apart in a thermoneutral laboratory
kept at 23−25°C and 40%−60% humidity.

Clinical characteristics
We examined age, gender, height, weight, current
smoking status, and medications, and measured resting
systolic and diastolic BP and heart rate (HR).  Body mass
index (BMI) was calculated by dividing weight in
kilograms by height in meters squared.  Plasma glucose
and HbA1c were measured as  indicators  of
glycometabolism, and serum concentrations of low-
density-lipoprotein cholesterol (LDL-C), high-density-
lipoprotein cholesterol (HDL-C), and triglyceride (TG)
as indicators of lipid metabolism, using blood samples
obtained from the antecubital vein after a 12-hour
overnight fast.

Vascular endothelial function and inflammation
Plasma concentrations of von Willebrand factor (vWF)
and serum concentrations of thrombomodulin (TM) and
high-sensitivity C-reactive protein (hs-CRP) were
measured, and vWF and TM were used as indicators of
vascular endothelial function.  hs-CRP was used as an
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indicator of vascular inflammation.

Autonomic nervous activity
Autonomic nervous activity was evaluated by HR
variability (HRV) analysis using R-R intervals obtained
from a 24-hour Holter ECG (Aria Holter monitor; Del
Mar Reynolds Medical, Irvine, CA, USA).  HRV based
on beat-to-beat R-R intervals of normal sinus beats was
assessed for a 24-hour period, and during the day (08:00
to 17:00) and night (00:00 to 06:00).  A Holter ECG
recording was suitable for HRV analysis if it had 95%
analyzable data for each period.  Beat-to-beat spectral
analysis was performed by a combination of the maximum
entropy method for spectral analysis and the nonlinear
least squares method for fitting analysis (MemCalc; GMS,
Suwa Trust, Tokyo) in order to obtain HR, a low-
frequency component (LF) of 0.04 to 0.15 Hz, and a
high-frequency component (HF) of 0.15 to 0.4 Hz.15  HF
and the LF/HF ratio reflect parasympathetic nervous
activity and the dominance of sympathetic nervous
activity over parasympathetic nervous activity,
respectively.16  Frequency domain parameters for the
different periods and the day/night ratio are presented as
HF24h, HFday, HFnight, HFday/night, LF/HF24h, LF/HFday, LF/
HFnight, and LF/HFday/night.

Plasma concentrations of noradrenaline (NORA),
adrenaline (ADRN), aldosterone (ALDST), and plasma
renin activity (PRA) were measured before and after the
cycle ergometer test.  Changes in NORA, ADRN,
ALDST, and PRA from baseline to after the exercise test
were assessed as responses of neurohumoral factors to
exercise (⊿NORA, ⊿ADRN, ⊿ALDST, and ⊿PRA,
respectively) (Figure 1).

Treadmill exercise test
Symptom-limited treadmill exercise testing was
performed according to the Bruce protocol.17  During the
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exercise test, HR and ECG were continuously monitored
using a stress test system (ML-6500; Fukuda Denshi,
Tokyo), and BP was measured every minute by the cuff
method using an automatic manometer (FB-300; Fukuda
Denshi).  The exercise test was terminated when
participants were unable to exercise further due to chest
symptoms or exhaustion.  The test was also terminated if
participants' HR achieved the predicted maximal HR
(calculated as 220 minus age), systolic BP increased to
>250 mmHg or decreased by ≥10 mmHg, or ischemic
ECG changes occurred even without subjective
symptoms.

Cycle ergometer exercise test
The cycle ergometer exercise test was used to assess
functional arterial stiffness and was carried out with an
upright cycle ergometer (Well Bike BE-360; Fukuda
Denshi) (Figure 1).  After resting for 15 minutes in the
supine position, participants rode the cycle ergometer.
Seat height was adjusted for each individual such that
the knee was slightly bent, and feet were fitted to pedals
with toe-clips to ensure a secure foot position.  During
the exercise test, HR and ECG were continuously
monitored using a stress test system (ML-1800; Fukuda
Denshi), and BP was measured every minute by the cuff
method using an automatic sphygmomanometer (FB-300;
Fukuda Denshi).  All participants were instructed to
maintain a pedaling frequency of 50 rpm during the
exercise test.  After they started exercising at 15 watts for
3 minutes as warm-up, the workload was increased
gradually to achieve the target HR within 3 minutes, and
adjusted to maintain the target HR for another 10 minutes.
The target HR was set as 75% of the peak HR measured
during the treadmill exercise test.  Participants cooled
down at 15 watts for 3 minutes at the end of exercise and
then reposed in the supine position for 10 minutes after
the exercise test.

Figure 1.  Assessment of functional arterial stiffness

BP, blood pressure; HR, heart rate; ba-PWV, brachial-ankle pulse wave velocity; NORA, noradrenaline; ADRN,
adrenaline; ALD, aldosterone; PRA, plasma renin activity
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Functional arterial stiffness
After resting in the supine position for 15 minutes, BP,
HR, and ba-PWV measurements were taken to obtain
baseline values using form PWV/ABI (Omron Colin,
Tokyo).  This was followed by the cycle ergometer
exercise test (Figure 1).  The same measurements were
taken consistently after 10 minutes of rest following the
cycle ergometer test.  The 10-minute resting period after
the exercise test was sufficient for elevated catecholamine

levels to return to normal.18,19  Change in ba-PWV from
baseline to post-exercise was calculated as ⊿PWV, and
this value was used to assess functional arterial stiffness.8

When ba-PWV decreased after exercise, ⊿PWV was
expressed as a negative value (⊿PWV[-]), indicating a
decrease in arterial stiffness.  In contrast, when ba-PWV
increased or did not change after exercise, ⊿PWV was
expressed as a positive value or zero (⊿PWV[+]),
respectively, indicating an increase in arterial stiffness.8

Table 1.  Participants' clinical characteristics

Group Control HT HT + DM

n 34 102 76
Sex (M : F) 14 : 20 58 : 44 52 : 24
Age (yr) 58± 11 62± 10 62± 9
BMI (kg/m2) 22± 2 24± 3** 24± 3**
Resting SBP (mmHg) 119± 9 122± 8 122± 8
Resting DBP (mmHg) 73± 7 75± 7 74± 8
Complications: n (%)
  Current Smoking 2 (6) 12 (12) 12 (16)
  Dyslipidemia - 51 (50) 38 (50)
Antihypertensive drugs: n (%) 2.3± 1.1 2.3± 1.1
  Ca++ blocker 67 (65) 53 (70)
  Angiotensin II receptor blocker 50 (49) 34 (45)
  Angiotensin-converting enzyme inhibitor 14 (14) 15 (20)
  β-blocker 59 (58) 37 (49)
  Diuretics 13 (13) 11 (15)
Dyslipidemia treatment: n (%)
  Statins 26 (51) 26 (68)
  Other drugs 12 (24) 3 (9)
  Diet therapy alone 15 (30) 11 (29)
Diabetes treatment: n (%)
  Insulin 28 (37)
  Hypoglycemic agents 25 (33)
  Diet therapy alone 23 (30)
FPG (mg/dl) 97± 7 104± 10 144± 34**§
HbA1c (%) 5.5± 0.2 5.6± 0.6 7.6± 1.3**§
TG (mg/dl) 107± 54 130± 75** 136± 64**
LDL-C (mg/dl) 123± 19 128± 30 125± 31
HDL-C (mg/dl) 67± 16 62± 17 55± 13**§
TM (IU/ml) 2.7± 0.7 3.2± 1.1 3.7±1.3**§
vWF (%) 129± 44 140± 49 169± 56**§
hs-CRP (μg/dl) 62± 52 94± 94 122± 103**
ba-PWV (cm/sec) 1,339± 206 1,479± 277* 1,627± 326**§
cIMT (mm) 0.79± 0.24 1.07± 0.47* 1.18± 0.62**

Data are presented as mean ± SD.
HT group, hypertensive patients; HT+DM group, hypertensive patients with diabetes mellitus; BMI,
body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma
glucose; HbA1c, hemoglobin A1c; TG, triglyceride; LDL-C, low-density-lipoprotein cholesterol; HDL-
C, high-density-lipoprotein cholesterol; TM, thrombomodulin; vWF, von Willebrand factor; hs-CRP,
high-sensitivity C-reactive protein; ba-PWV, brachial-ankle pulse wave velocity; cIMT, maximum
carotid intima-media thickness.
*P < 0.05, **P < 0.01 (vs. control group)
§P < 0.01 (vs. HT group)
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Carotid intima-media thickness
Participants underwent carotid ultrasonography using an
SSD-5500 system (Aloka, Tokyo) in the supine position
by a skilled technician who had no prior knowledge of
participants' clinical characteristics.  The far and near
walls of the common carotid artery (CCA), the carotid
bulb (Bul), and the internal carotid artery (ICA) were
scanned bilaterally in both short-axis and long-axis views
using a 15 Mhz linear probe.  The thickest site of the
intima-media complex including plaque lesions was
measured as the maximum carotid intima-media thickness
(cIMT) in increments of 0.1 mm to assess the severity of
atherosclerosis.

Statistical analysis
One-way ANOVA or the x2-test was used to compare
differences in clinical parameters among the HT, HT +
DM, and control groups.  In addition, participants in
each group were further divided into two subgroups based
on ⊿PWV value (⊿PWV[-] and ⊿PWV[+] subgroups).
The unpaired t-test and x2-test were used to compare
clinical parameters between ⊿PWV(-) and ⊿PWV(+)
subgroups in each group.  The paired t-test was also used
to compare BP, HR, and ba-PWV before and after the
ergometer exercise test in each subgroup.  Stepwise

regression analysis was used to evaluate factors limiting
cIMT.  cIMT was used as a dependent variable; and
clinical characteristics, functional arterial stiffness,
vascular endothelial function, and autonomic nervous
activity were used as independent variables.  Statistical
analyses were performed using SPSS, Version 13.0J
(SPSS Japan, Tokyo).  All data were expressed as mean
± SD.  Values of P < 0.05 were considered statistically
significant.

Results

Clinical characteristics of the participants are summarized
in Table 1.  Although there were no significant differences
in age, resting BP and HR, and percentage of current
smokers among the three groups, BMI was significantly
higher in HT and HT + DM groups than in the control
group (P < 0.01 and P < 0.01, respectively).  There were
no significant differences in antihypertensive and
antidyslipidemic treatments between HT and HT + DM
groups.  TG was significantly higher in HT and HT +
DM groups than in the control group (P < 0.01 and P <
0.01, respectively), and HDL-C was significantly lower
in the HT + DM group than in HT and control groups (P
< 0.01 and P < 0.01, respectively).  There was no

Table 2.  Hemodynamic changes before and after ergometer exercise testing

⊿PWV(-) ⊿PWV(+)
Group

Baseline Post-exercise Baseline Post-exercise

Control
  SBP (mmHg) 121± 12 122± 12 118± 10 118± 10
  DBP (mmHg) 76± 9 77± 10 74± 9 77± 8
  HR (/min) 68± 10 70± 9* 66± 13 73± 12**
  ba-PWV (cm/sec) 1,375± 209 1,320± 193** 1,253± 190 1,318± 218**

HT
  SBP (mmHg) 129± 14 129± 12 128± 18 129± 17
  DBP (mmHg) 79± 9 79± 9 78± 11 80± 10
  HR (/min) 62± 9 69± 8** 65± 11 70± 10**
  ba-PWV (cm/sec) 1,506± 217 1,425± 259** 1,491± 297 1,545± 283**

HT+DM
  SBP (mmHg) 130± 19 128± 16 138± 18 138± 19
  DBP (mmHg) 79± 12 79± 11 81± 11 81± 10
  HR (/min) 66± 10 72± 9** 65± 8 72± 9**
  ba-PWV (cm/sec) 1,632± 376 1,511± 309** 1,641± 322 1,770± 364**

Data are presented as mean ± SD.
PWV, pulse wave velocity; ⊿PWV, change from baseline PWV to PWV measured after cycle
ergometer exercise; ⊿PWV(-), negative ⊿PWV values; ⊿PWV(+), positive ⊿PWV values;
SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate
*P < 0.05, **P < 0.01

Ogura, et al.
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significant difference in LDL-C among the three groups.
TM and vWF were significantly higher in the HT + DM
group than in HT and control groups (P < 0.01 in all
comparisons) and hs-CRP was significantly higher in
the HT + DM group than in the control group (P < 0.01).
Ba-PWV was significantly higher in the HT group than
in the control group (P < 0.05), and was also higher in the
HT + DM group than in HT and control groups (P < 0.01
and P < 0.01, respectively).  cIMT was significantly
thicker in HT and HT + DM groups than in the control
group (P < 0.05 and P < 0.01, respectively).

Changes in BP, HR, and ba-PWV before and after the
ergometer exercise test are shown in Table 2.  Although
HR significantly increased after exercise compared with
baseline HR in all subgroups (P < 0.05 or P < 0.01 in all
comparisons), both SBP and DBP did not significantly
change after exercise in all subgroups.

A comparison of clinical characteristics between
⊿PWV(-) and ⊿PWV(+) subgroups is shown in Table
3.  Proportions of participants with ⊿PWV(+) in the
control, HT, and HT+DM groups were 23.5%, 47.1%,
and 64.5%, respectively, with significant differences
between the three groups (P < 0.05 in all comparisons).
In the HT+DM group, HDL-C was significantly lower in
the ⊿PWV(+) subgroup than in the ⊿PWV(-) subgroup

(P < 0.05).  There were no significant differences in
resting BP and HR, baseline ba-PWV, and parameters of
glucose metabolism and lipid metabolism between
⊿PWV(-) and ⊿PWV(+) subgroups in each group.  TM
was significantly higher in the ⊿PWV(+) subgroup than
in the ⊿PWV(-) subgroup for each group (P < 0.05 in
each group).  hs-CRP and vWF were significantly higher
in the ⊿PWV(+) subgroup than in the ⊿PWV(-)
subgroup in the HT + DM group.  There were no
significant differences in hs-CRP and vWF between
⊿PWV(+) and ⊿PWV(-) subgroups in the control and
HT groups.  In the HT group, ⊿NORA was significantly
higher in the ⊿PWV(+) subgroup than in the ⊿PWV(-)
subgroup (P < 0.05).  In the HT + DM group, ⊿PRA was
significantly higher in the ⊿PWV(+) subgroup than in
the ⊿PWV(-) subgroup (P < 0.05).  There were no
significant differences in ⊿ADRN and ⊿ALD between
⊿PWV(-) and ⊿PWV(+) subgroups for each group.

Differences in HF and LF/HF between ⊿PWV(-)
and ⊿PWV(+) subgroups are shown in Figure 2.  In the
control group, LF/HFnight and LF/HFday/night were
significantly lower and higher, respectively, in the
⊿PWV(+) subgroup than in the ⊿PWV(-) subgroup (P
< 0.05 and P < 0.05, respectively).  However, HF24h,
HFday, HFnight, HFday/night, LF/HF24h, and LF/HFday did not

Table 3.  Comparison of clinical characteristics based on ⊿PWV

Control HT HT + DM
Group

⊿PWV (-) ⊿PWV (+) ⊿PWV (-) ⊿PWV (+) ⊿PWV (-) ⊿PWV (+)

n 26 (76.5%) 8 (23.5%) 54 (52.9%) 48 (47.1%)§ 27 (35.5%) 49 (64.5%)§#
SBP (mmHg) 119± 10 118± 5 122± 8 121± 9 122± 9 122± 8
DBP (mmHg) 74± 8 73± 5 75± 7 75± 7 75± 8 74± 8
HR (beat/min) 70± 13 66± 13 63± 9 64± 10 66± 10 65± 8
ba-PWV (cm/sec) 1,375± 209 1,253± 190 1,506± 217 1,491± 297 1,632± 376 1,641± 322
FPG (mg/dl) 98± 8 97± 8 105± 12 103± 9 145± 36 143± 33
HbA1c (%) 5.5± 0.2 5.4± 0.3 5.7± 0.4 5.5± 0.8 7.8± 1.4 7.4± 1.3
TG (mg/dl) 111± 60 95± 31 131± 68 128± 81 119± 43 146± 73
LDL-C (mg/dl) 123± 20 123± 16 130± 31 127± 29 119± 31 129± 31
HDL-C (mg/dl) 65± 17 73± 13 62± 17 63± 18 59± 16 53± 10*
TM (IU/ml) 2.6± 0.7 3.1± 0.6* 3.0± 0.8 3.5± 1.3* 3.3± 1.3 4.0± 1.2*
vVF (%) 135± 41 112± 51 137± 51 143± 48 152± 50 178± 56*
hs-CRP (μg/dl) 65± 59 53± 28 105± 111 82± 72 94± 71 137± 115*
⊿NORA (pg/ml) -26± 131 -14± 98 -4± 227 115± 272* 19± 252 110± 315
⊿ADRN (pg/ml) -5± -6 -6± 18 -8± 23 -3± 27 7± 34 -0.1± 23
⊿ALD (pg/ml) 4± 44 -2± 45 -17± 59 -10± 42 -3± 44 -5± 36
⊿PRA (ng/ml/hr) -0.1± 0.7 0.1± 0.5 -0.8± 4.8 -0.0± 5.8 -0.7± 3.6 1.0± 2.3*

Data are presented as mean ± SD.
NORA, noradrenaline; ADRN, adrenaline; ALD, aldosterone; PRA, plasma renin activity; ⊿NORA, ⊿ADRN, ⊿ALD, and
⊿PRA, vs. at baseline NORA, ADRN, ALD, and PRA (values measured after cycle ergometer exercise)
*P < 0.05 (vs. ⊿PWV[-] subgroups), §P < 0.05 (vs. control group), #P < 0.05 (vs. HT group)

Functional arterial stiffness and atherosclerosis
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Figure 2.  Heart rate viability parameters

Data are presented as mean ± SD.
Open bars, ⊿PWV(-) subgroup; closed bars, ⊿PWV(+) subgroup; HT group, hypertensive patients; HT + DM group, hypertensive
patients with diabetes mellitus; PWV, pulse wave velocity; ⊿PWV, change from baseline PWV to PWV measured after cycle ergometer
exercise; ⊿PWV(-), participants showing negative ⊿PWV values; ⊿PWV(+), participants showing positive ⊿PWV values; HF, high-
frequency components; LF, low-frequency components.
*P < 0.05 (⊿PWV[-] subgroup vs. ⊿PWV[+] subgroup)

Table 4.  Limiting factors for cIMT based on multiple
regression analysis

Independent variable β P

Age 0.314 <0.001
⊿PWV 0.257 <0.001
HDL-C -0.205 <0.01

Dependent variable, cIMT, maximum carotid intima-media
thickness; β, standardized regression coefficient; model
R2 = 0.21, P < 0.001

Figure 3.  Carotid intima-media thickness

Data are presented as mean ± SD.
Open bars, ⊿PWV(-) subgroup; closed bars, ⊿PWV(+)
subgroup; cIMT, maximum carotid intima-media thickness
*P < 0.05 (⊿PWV[-] subgroup vs. ⊿PWV[+] subgroup)

Ogura, et al.



155

significantly differ between ⊿PWV(+) and ⊿PWV(-)
subgroups.  In HT and HT + DM groups, HF24h, HFday,
and HFnight were significantly lower in the ⊿PWV(+)
subgroup than in the ⊿PWV(-) subgroup (P < 0.05 in all
comparisons), while HFday/night, LF/HF24h, LF/HFday, LF/
HFnight, and LF/HFday/night did not significantly differ
between ⊿PWV(+) and ⊿PWV(-) subgroups.

Differences in cIMT between ⊿PWV(+) and
⊿PWV(-) subgroups are shown in Figure 3.  cIMT was
significantly thicker in the ⊿PWV(+) subgroup than in
the ⊿PWV(-) subgroup in HT and HT + DM groups (P
< 0.05 and P < 0.05, respectively).  cIMT did not
significantly differ between ⊿PWV(+) and ⊿PWV(-)
subgroups in the control group.

The stepwise regression analysis results for cIMT are
shown in Table 4.  Age, ⊿PWV, and HDL-C were
extracted as significant independent limiting factors for
cIMT (age: β = 0.314, P < 0.001; ⊿PWV: β = 0.257, P
< 0.001; HDL-C: β = -0.205, P < 0.01) (R2 = 0.21, P <
0.001).

Discussion

In the present study, we focused on the finding that ba-
PWV changed after exercise, which was used as an
indicator of functional arterial stiffness, and evaluated it
before and after an ergometer exercise test performed at
moderate intensity (intensity roughly equivalent to that
for activities in daily living).  Upon investigating the
relationship between functional arterial stiffness and
vascular endothelial function, autonomic nervous activity,
and atherosclerosis in treated HT patients whose BP had
been successfully controlled, we found that vascular
endothelial dysfunction, autonomic imbalance, and
atherosclerosis were more severe in patients with ⊿PWV(+)
compared to those with ⊿PWV(-) in the HT and HT +
DM groups.  This is the first report to demonstrate that
functional arterial stiffness is involved in carotid artery
wall thickening, and highlights the severity of
atherosclerosis in HT patients.

Patients with ⊿PWV(+) accounted for approximately
25% of all patients in the control group, 50% in the HT
group, and 65% in the HT+DM group.  Moreover, cIMT,
a clinical indicator for structural atherosclerosis,20-22 was
significantly thicker in patients with ⊿PWV(+) than in
those with ⊿PWV(-) in the HT and HT + DM groups.  It
has been well known that both PWV and cIMT show
higher values in HT patients than in healthy individuals.12

They are also predictors of cardiovascular events and
mortality, and are currently used as surrogate makers in
HT treatment.1-4,20-23  In general, healthy individuals show

decreases in PWV after exercise at any intensity.5-7  Thus,
increases in ba-PWV in participants of the present study
can be considered an unusual cardiovascular response to
exercise.  PWV is determined not only by structural
components of the vessel, but also BP, vascular tone, and
endothelial function.24-25  Because no significant changes
in BP before and after exercise were observed in any of
the groups, we speculate that increases in ba-PWV after
exercise reflect increased arterial stiffness.  There are
two explanations for the increase in arterial stiffness after
exercise in HT patients: vascular endothelial dysfunction
and autonomic imbalance.

With respect to the former, decreases in PWV are
significantly attenuated when patients are pretreated with
the NO synthase inhibitor, N(G)-monomethyl-L-arginine
(L-NMMA).7  This would suggest that vascular
endothelial function plays an important role in the
decrease in PWV after short-term exercise, and
conversely, its dysfunction contributes to the increase in
PWV after exercise.  In fact, we found that patients with
⊿PWV(+) had higher TM in the HT group, and higher
TM, vWF, and hs-CRP in the HT+DM group compared
to those with ⊿PWV(-).  These findings suggest that
vascular endothelial dysfunction and inflammation were
more severe in patients with ⊿PWV(+) among HT
patients, indicating that vascular endothelial dysfunction
was likely involved in the increase in ba-PWV after
exercise.

As for autonomic imbalance, patients with ⊿PWV(+)
showed increases in NORA or PRA after exercise in the
HT and HT + DM groups, indicating that sympathetic
nervous activity remained elevated after exercise.
Furthermore, HF in patients with ⊿PWV(+) was
significantly lower than those with ⊿PWV(-) at all time
points in the two groups, suggesting a reduction in their
parasympathetic nervous activity.  These findings
demonstrate that HT patients with ⊿PWV(+) suffer from
autonomic imbalance in their daily lives.  In general,
sympathetic nervous activity dominates during exercise,
and this transitions to parasympathetic dominance begins
promptly after exercise in healthy individuals.26

Moreover, elevated BP slowly returns to baseline after
exercise in patients with DM who exhibit excessive
elevation of BP during exercise.27  This unusual BP
response has been reported to result from autonomic
imbalance in the form of a decrease in parasympathetic
nervous activity and an increase in sympathetic nervous
activity after exercise.27  Based on these observations,
the increase in ba-PWV after exercise in the present study
may reflect an autonomic imbalance in which sympathetic
nervous activity is elevated, and parasympathetic nervous
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activity suppressed, after exercise.
Multiple regression analysis revealed that ⊿PWV is

one of the limiting factors for cIMT, in addition to age
and HDL-C.  Patients with ⊿PWV(+) likely exhibit
frequent increases in arterial stiffness, even when
performing ordinary activities of daily living.  Increases
in arterial stiffness are known to injure the vascular
endothelium,9,10 and the injured endothelium further
exacerbates arterial stiffness.12,24  Vascular endothelial
dysfunction and increased arterial stiffness are known to
reinforce each other,11 leading to an acceleration of
atherosclerosis.28  This suggests that patients with
⊿PWV(+) are subjected to substantial atherosclerosis
induced by rapid progression of vascular endothelial
dysfunction and frequent increases in arterial stiffness.
In turn, this suggests that functional arterial stiffness
reflects the severity of cIMT, which is indicative of
structural atherosclerosis, and is useful for extracting
advanced atherosclerosis patients from HT patients.

Some participants in the control group were ⊿PWV(+),
and their TM and LF/HF night were significantly higher
than those with ⊿PWV(-).  These findings imply that
vascular endothelial dysfunction and autonomic
imbalance already existed even in healthy individuals.
However, the clinical significance of functional arterial
stiffness in healthy individuals requires more clarification,
therefore, further studies are warranted.

One limitation of this study was its cross-sectional
design.  As a result, we could not determine whether or
not functional arterial stiffness reflected future
progression of atherosclerosis.  Additional longitudinal
studies are needed to determine the relationship between
functional arterial stiffness and future progression of
atherosclerosis in HT patients who show no cIMT
thickening.

In conclusion, HT patients with or without DM who
exhibited increases in ba-PWV after exercise had more
severe atherosclerosis than those who exhibited decreases
in ba-PWV.  These results suggest that functional arterial
stiffness, as assessed by changes in PWV after exercise,
reflects the severity of atherosclerosis in HT patients
both with or without type 2 DM.
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