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Abstract
Hypertension is associated with vascular failure, such as increased arterial stiffness, endothelial dysfunction, and vascular
smooth muscle dysfunction. The purpose of this study was to investigate the relationship between out-of-office blood
pressure and vascular function in patients receiving antihypertensive drugs. We assessed out-of-office blood pressure,
including daytime and night-time blood pressure, by home blood pressure monitoring and performed vascular function tests,
including brachial-ankle pulse wave velocity (baPWV), flow-mediated vasodilation (FMD), and nitroglycerine-induced
vasodilation (NID), in 169 patients receiving antihypertensive drugs, of whom 86 (50.9%) had normotension, 23 (13.6%)
had isolated nocturnal hypertension (night-time systolic blood pressure ≥120 mm Hg), 26 (15.4%) had isolated daytime
hypertension (daytime systolic blood pressure ≥135 mm Hg), and 34 (20.1%) had sustained hypertension (daytime and
nocturnal hypertension). baPWV was significantly higher in patients with sustained hypertension than in those without
sustained hypertension (1585 ± 257 cm/s in normotension; 1687 ± 267 cm/s in isolated nocturnal hypertension; 1688 ± 313
cm/s in isolated daytime hypertension; and 1923 ± 399 cm/s in sustained hypertension; P < 0.001). baPWV above the cutoff
value of 1858 cm/s, derived from receiver operating characteristic curve analysis to diagnose patients with sustained
hypertension, was significantly associated with sustained hypertension after adjustment of other confounding factors (odds
ratio, 5.01; 95% confidence interval, 1.94–13.41; P < 0.001). In contrast, there was no significant association of home blood
pressure status with FMD or NID in these patients. In patients receiving antihypertensive drugs, baPWV was significantly
associated with sustained hypertension, whereas FMD and NID were impaired regardless of the home blood pressure status.
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Introduction

Hypertension is globally the strongest modifiable risk factor for
cardiovascular death and related disability [1]. Although there
is strong evidence that blood pressure-lowering therapy is
beneficial for the prevention of major cardiovascular events in

hypertensive patients [2], recent epidemiological studies have
shown that patients receiving antihypertensive drugs still have a
higher cardiovascular risk than those not receiving anti-
hypertensive drugs regardless of the achieved clinic blood
pressure level and that there were no stepwise increases in
cardiovascular risks with an increase in blood pressure level in
patients receiving antihypertensive drugs [3–6]. These findings
suggest that a substantial residual cardiovascular risk is still
present in patients receiving antihypertensive drugs and that
clinic blood pressure may not be a useful marker for the
management of hypertension in treated patients with hyper-
tension. Recently, out-of-office blood pressure measurements
have been recommended for more accurate confirmation and
better management of hypertension [7, 8]. Accumulating evi-
dence has revealed that out-of-office blood pressure is a
stronger and more reliable predictor of cardiovascular events
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than is clinic blood pressure [9, 10]. In addition, among treated
patients with hypertension, out-of-office night-time systolic
blood pressure but not out-of-office daytime systolic blood
pressure has been shown to be independently associated with
10-year risk of cardiovascular events [11], indicating that
measurement of out-of-office blood pressure, especially night-
time blood pressure, is necessary for further cardiovascular risk
assessment in patients receiving antihypertensive drugs.

Vascular function tests have been performed for an
understanding of the underlying pathophysiology of cardi-
ovascular disorders and for risk assessment in patients with
cardiovascular risk factors or cardiovascular diseases [12–
15]. Although the relationship between out-of-office blood
pressure and vascular function has been investigated in
previous studies involving antihypertensive drug naïve
individuals [16–19], there is little information on the rela-
tionship between out-of-office blood pressure and vascular
function in patients receiving antihypertensive drugs. In
addition, to our knowledge, there has been no study in
which multiple vascular function tests were simultaneously
performed in patients treated with hypertension. We there-
fore measured out-of-office blood pressure using a home
blood pressure monitoring device and performed vascular
function tests, including brachial-ankle pulse wave velocity
(baPWV) as an index of arterial stiffness, flow-mediated
vasodilation (FMD) as an index of endothelial function, and
nitroglycerine-induced vasodilation (NID) as an index of
vascular smooth muscle function, in patients receiving
antihypertensive drugs to investigate the relationship
between home blood pressure status and vascular function.

Methods

Study design

This study was conducted in patients from the Hiroshima
Registry for Evaluation and Treatment of Nocturnal and Early
Morning Hypertension (Hiroshima NOCTURNE). The Hir-
oshima NOCTURN is a prospective multicenter study to
investigate whether elevated night-time blood pressure assessed
by a home blood pressure monitoring device can be normalized
by aggressive antihypertensive therapy and to evaluate the
effect of reduction of night-time blood pressure on future car-
diovascular events in patients with hypertension receiving
antihypertensive drugs. Patients aged 20 years or more who
had been treated with antihypertensive drug for more than
3 months with a diagnosis of hypertension defined in the
Japanese Society of Hypertension Guidelines for the Man-
agement of Hypertension were enrolled [7]. Patients with
severe valvular heart disease, moderate to severe heart failure
(NYHA class III or IV), lethal arrhythmia with an implantable
cardioverter defibrillator, end-stage renal disease receiving

dialysis, malignant disease, hepatic cirrhosis, corticosteroid
therapy, or immunosuppressive therapy, possible pregnant
women, women with pregnancy, and lactating women were
excluded. A total of 169 Japanese adults (104 men and 65
women; mean age, 69.5 ± 9.2 years; age range, 36–87 years)
with agreement for measurements of vascular function at
enrollment were recruited from the Hiroshima NOCTURN.
The ethical committees of our institutions approved the study
protocol. The study was executed in accordance with the
Helsinki Declaration of 1975. Written informed consent for
participation in the study was obtained from all participants.
The protocol was registered in the University Hospital Medical
Information Network Clinical Trials Registry
(UMIN000019173). Additional details are available in the
online-only Data Supplement.

Measurement of blood pressure

Home blood pressure monitoring was performed using a cuff
oscillometric device (HEM-7252G-HP or HEM7080IC;
Omron Healthcare Co., Kyoto, Japan) that could be set to
measure blood pressure automatically during sleep (night-time
blood pressure). All data, including blood pressure, heart rate,
and measurement time, obtained using HEM-7252G were
transmitted automatically to the Medical LINK program, a
cloud-based remote monitoring system, provided by Omron
Healthcare. All data obtained using HEM7080IC were stored
in its memory. Patients were instructed to measure their
morning blood pressure twice within 1 h after waking, evening
blood pressure twice before bedtime, and night-time blood
pressure during sleep for 7 consecutive days. Night-time blood
pressure was measured automatically at 2:00, 3:00, 4:00, and
5:00AM (4 points). In patients who got up before 5:00AM,
night-time blood pressure was measured at 1:00, 2:00, 3:00,
and 4:00AM. Nocturnal hypertension was defined as the
average of all night-time systolic blood pressure measurements
≥120mm Hg, and daytime hypertension was defined as the
average of all morning systolic blood pressure measurements
≥135mm Hg and/or the average of all evening systolic blood
pressure measurements ≥135mm Hg [7]. In accordance with
these definitions, we divided patients into four groups: patients
with normotension (normotensive group); patients with isolated
nocturnal hypertension (isolated nocturnal hypertension group);
patients with isolated daytime hypertension (isolated daytime
hypertension group); and patients with nocturnal and daytime
hypertension (sustained hypertension group).

Study protocol

Subjects fasted the previous night and abstained from alcohol,
smoking, caffeine, and antioxidant vitamins on the day of the
vascular function tests. The subjects were kept in the supine
position in a quiet, dark, and air-conditioned room (constant
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temperature of 23–26 °C) throughout the study. A 23-gauge
polyethylene catheter was inserted into the left deep antecubital
vein to obtain blood samples. Vascular function tests, including
baPWV, FMD, and NID, were performed at least 20min after
maintaining the supine position. The observers were blind to
the form of examination.

Measurement of baPWV

baPWV was measured using a volume-plethysmographic
apparatus (Form PWV/ABI, Omron Health Care Co., Kyoto,
Japan). Detailed information on the study protocol and

measurement of baPWV is provided in the online-only Data
Supplement.

Measurements of FMD and NID

FMD and NID were measured using UNEXEF18G (UNEX
Co., Nagoya, Japan), an ultrasound instrument specialized
for FMD and NID measurement equipped with an auto-
mated edge detection system for measurement of brachial
artery diameter. Detailed information on the study protocol
and measurements of FMD and NID is provided in the
online-only Data Supplement.

Statistical analysis

Results are presented as means ± SD. 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-square test. Continuous vari-
ables were compared by using ANOVA with Bonferroni’s test
for post-hoc comparisons for multiple groups. Univariate linear
regression analyses were performed to assess relationships
among the variables. Multiple linear regression analysis using
forward stepwise selection was performed to identify inde-
pendent variables associated with baPWV. Multiple logistic
regression analysis using forward stepwise selection was per-
formed to identify independent variables associated with sus-
tained hypertension. Receiver operating characteristic (ROC)
curve analyses were carried out to assess the sensitivity and
specificity and to confirm the optimal cutoff values of baPWV,
FMD, and NID to diagnose patients with sustained hyperten-
sion. Additional details are available in the online-only Data
Supplement. The data were processed using JMP version 11
(SAS institute, Cary, NC).

Results

Baseline clinical characteristics

The baseline clinical characteristics are summarized in
Table 1. Of the 169 subjects, 104 (61.5%) were men, 131
(78.0%) had dyslipidemia, 46 (27.4%) had diabetes melli-
tus, 33 (19.8%) had coronary artery disease, 27 (16.1%) had
cerebrovascular disease, and 86 (51.2%) were smokers. All
of the subjects were being treated with antihypertensive
drugs: 82.6% were on calcium channel blockers, 74.9%
were on angiotensin II receptor blockers or angiotensin-
converting enzyme inhibitors, 11.4% were on β-blockers,
and 22.2% were on diuretics. Mean values of systolic blood
pressure were 127.7 ± 14.1 mm Hg for clinic systolic blood
pressure, 129.4 ± 11.6 mm Hg for morning systolic blood
pressure, 123.5 ± 11.5 mm Hg for evening systolic blood

Table 1 Clinical characteristics of the subjects

Variables n= 169

Age, year 69.5 ± 9.2

Men, n (%) 104 (61.5)

Body mass index, kg/m2 24.3 ± 3.3

Systolic blood pressure, mm Hg 127.7 ± 14.1

Diastolic blood pressure, mm Hg 74.8 ± 9.8

Heart rate, bpm 68.8 ± 10.2

Total cholesterol, mg/dL 189.3 ± 33.1

Triglycerides, mg/dL 137.7 ± 125.2

HDL cholesterol, mg/dL 58.9 ± 14.4

LDL cholesterol, mg/dL 106.1 ± 28.6

Glucose, mg/dL 106.7 ± 24.3

HbA1c, % 5.4 ± 0.6

Creatinine, mg/dL 0.86 ± 0.38

eGFR, ml/min/1.73 m2 67.3 ± 17.9

Smoker, n (%) 86 (51.2)

Complications, n (%)

Dyslipidemia 131 (78.0)

Diabetes mellitus 46 (27.4)

Coronary heart disease 33 (19.8)

Cerebrovascular disease 27 (16.1)

Medication use, n (%)

Calcium channel blockers 138 (82.6)

ARBs/ACEIs 125 (74.9)

β-blockers 19 (11.4)

Diuretics 37 (22.2)

Antiplatelet drugs 39 (23.4)

Statins 94 (56.3)

Antidiabetic drugs 31 (18.6)

Home blood pressure monitoring

Morning systolic blood pressure, mm Hg 129.4 ± 11.6

Evening systolic blood pressure, mm Hg 123.5 ± 11.5

Night-time systolic blood pressure, mm Hg 115.4 ± 10.8

HDL high-density lipoprotein, LDL low-density lipoprotein, ARB
angiotensin receptor blocker, ACEI angiotensin-converting enzyme
inhibitor
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pressure, and 115.4 ± 10.8 mm Hg for night-time systolic
blood pressure. Of the 169 subjects, 86 (50.9%) were in the
normotensive group, 23 (13.6%) were in the isolated noc-
turnal hypertension group, 26 (15.4%) were in the isolated
daytime hypertension group, and 34 (20.1%) were in the
sustained hypertension group.

Relationship between baPWV and home blood
pressure

Of the 169 subjects, 164 were included in analysis to
investigate the relationship between home blood pressure
status and baPWV after excluding patients with ankle-
brachial pressure index values less than 0.90 (n= 2) and
those without measurement of baPWV (n= 3). The base-
line clinical characteristics are summarized in Table 2. The
mean value of baPWV was 1683 ± 324 cm/s (median,
1626 cm/s; interquartile range [IQR], 1462 to 1853 cm/s;
range, 1167–3220 cm/s). baPWV correlated significantly
with morning systolic blood pressure (β= 9.87, r= 0.36,
P < 0.001), evening systolic blood pressure (β= 8.93, r=
0.32, P < 0.001), and night-time systolic blood pressure (β
= 11.0, r= 0.36, P < 0.001) (online Supplementary
Table 1). baPWV was significantly higher in the sustained
hypertension group than in the normotensive group, iso-
lated nocturnal hypertension group, or isolated daytime
hypertension group (normotensive group, 1585 ± 257 cm/
s; isolated nocturnal hypertension group, 1687 ± 267 cm/s;
isolated daytime hypertension group, 1688 ± 313 cm/s;
sustained hypertension group, 1923 ± 399 cm/s; P < 0.001
in normotensive group vs. sustained hypertension group;
P= 0.03 in isolated nocturnal hypertension group vs.
sustained hypertension group; P= 0.02 in isolated daytime
hypertension group vs. sustained hypertension group;
Fig. 1a). After adjustment with mean blood pressure at the
measurement of baPWV, baPWV (mean ± s.e.m) was
significantly higher in the sustained hypertension group
than in the normotensive group and isolated nocturnal
hypertension group, although there was no significant
difference between the sustained hypertension group and
isolated daytime hypertension group (normotensive group,
1598 ± 32 cm/s; isolated nocturnal hypertension group,
1655 ± 62 cm/s; isolated daytime hypertension group,
1704 ± 57 cm/s; sustained hypertension group, 1900 ± 51
cm/s; P < 0.001 in normotensive group vs. sustained
hypertension group; P= 0.02 in isolated nocturnal
hypertension group vs. sustained hypertension group; P=
0.07 in isolated daytime hypertension group vs. sustained
hypertension group; online Supplementary Figure 1).
Multivariate analysis revealed that sustained hypertension
was significantly associated with higher baPWV (β=
0.191, P= 0.003) (Table 3).

ROC curve analysis to determine the discriminative power
of baPWV to diagnose patients with sustained hypertension
revealed that the optimal cutoff value of baPWV to diagnose
patients with sustained hypertension was 1858 cm/s with an
AUC value of 0.74, sensitivity of 0.55, and specificity of 0.83
(Fig. 2a). Multivariate analysis revealed that baPWV above the
cutoff value of 1858 cm/s was significantly associated with
sustained hypertension in treated hypertensives (odds ratio,
5.01; 95% confidence interval, 1.94–13.41; P < 0.001)
(Table 4).

Relationships between FMD, NID, and home blood
pressure

Of the 169 subjects, 151 were included in analysis to
investigate associations of home blood pressure status
with FMD and NID after excluding patients who had
received nitrate treatment (n= 10) and those without
measurement of FMD (n= 8). The baseline clinical
characteristics are summarized in online Supplementary
Table 2. The mean value of FMD was 2.0 ± 2.5% (median,
1.3%; IQR, 0.6 to 2.7%; range, −2.5–15.6%) and that of
NID was 10.3 ± 5.2% (median, 10.2%; IQR, 6.3–14.1%;
range, 0.2–27.0%). FMD did not correlate significantly
with morning systolic blood pressure (β= 0.005, r=
−0.02, P= 0.79), evening systolic blood pressure (β=
0.001, r= 0.007, P= 0.93), or night-time systolic blood
pressure (β=−0.003, r=−0.01, P= 0.88) (online Sup-
plementary Table 1). There was no significant difference
in FMD among the four groups stratified according to
daytime and night-time systolic blood pressures (normo-
tensive group, 2.1 ± 2.7%; isolated nocturnal hypertension
group, 1.5 ± 1.7%; isolated daytime hypertension group,
1.9 ± 1.9%; sustained hypertension group, 2.3 ± 2.7%; P
= 0.69; Fig. 1b). NID correlated significantly with
morning systolic blood pressure (β=−0.084, r=−0.19,
P= 0.02) and night-time systolic blood pressure (β=
−0.091, r=−0.19, P= 0.02) but not with evening sys-
tolic blood pressure (β=−0.048, r=−0.11, P= 0.19)
(online Supplementary Table 1). There was no significant
difference in NID among the four groups (normotensive
group, 11.2 ± 5.2%; isolated nocturnal hypertension
group, 9.3 ± 5.0%; isolated daytime hypertension group,
9.8 ± 5.0%; sustained hypertension group, 9.1 ± 5.4%; P
= 0.22; Fig. 1c).

ROC curve analyses to determine the discriminative
power of FMD and NID to diagnose patients with sus-
tained hypertension revealed that the optimal cutoff
value of FMD to diagnose patients with sustained
hypertension was 6.8% with an AUC value of 0.51
(Fig. 2b) and that of NID was 8.9% with an AUC value
of 0.58 (Fig. 2c).
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Discussion

In the present study, we demonstrated that baPWV was
significantly higher in treated patients with sustained
hypertension than in those without sustained hypertension,
whereas there were no significant differences in FMD and
NID between treated patients with and without sustained
hypertension. baPWV above the cutoff value of 1858 cm/s,
derived from ROC curve analysis, was significantly asso-
ciated with sustained hypertension even after adjustment for
other cardiovascular risk factors and confounding factors.
To our knowledge, this is the first report in which the

associations of home blood pressure assessed by home
blood pressure monitoring with results of multiple vascular
function tests were assessed and the first study showing a
significant association between sustained hypertension and
baPWV, an index of arterial stiffness, in patients receiving
antihypertensive drugs. Although the relationship between
out-of-office blood pressure and vascular function has been
investigated in a general population [16], in patients with
essential hypertension including those not receiving anti-
hypertensive drugs [17], in patients with type 2 diabetes
[18], and in patients with one or more cardiovascular risk
factors [19], there is little information on the relationship

Table 2 Clinical characteristics of the subjects according to home blood pressure status

Variables Normotension Isolated nocturnal
hypertension

Isolated daytime
hypertension

Sustained
hypertension

P value

(n= 83) (n= 22) (n= 26) (n= 33)

Age, year 67.2 ± 9.4 72.2 ± 7.3 71.0 ± 11.5 71.7 ± 7.2 0.02

Men, n (%) 48 (57.8) 15 (68.2) 15 (57.7) 22 (66.7) 0.70

Body mass index, kg/m2 24.8 ± 3.5 23.4 ± 2.8 24.6 ± 3.1 23.3 ± 3.2 0.08

Systolic blood pressure, mm
Hg

124.3 ± 12.5 133.6 ± 14.6 126.7 ± 15.4 132.8 ± 15.3 0.004

Diastolic blood pressure,
mm Hg

74.2 ± 9.7 77.6 ± 8.6 72.6 ± 11.0 75.4 ± 8.9 0.30

Heart rate, bpm 69.4 ± 9.8 65.4 ± 10.8 68.1 ± 11.1 70.6 ± 10.1 0.27

Total cholesterol, mg/dL 189.2 ± 32.6 181.4 ± 36.1 195.7 ± 34.2 190.7 ± 32.4 0.55

Triglycerides, mg/dL 133.5 ± 78.3 132.4 ± 95.9 117.7 ± 74.8 160.1 ± 233.2 0.63

HDL cholesterol, mg/dL 59.7 ± 14.6 53.5 ± 15.7 60.9 ± 12.6 60.3 ± 14.8 0.30

LDL cholesterol, mg/dL 104.6 ± 28.5 101.0 ± 26.0 116.3 ± 31.3 106.3 ± 26.9 0.27

Glucose, mg/dL 105.1 ± 20.7 92.2 ± 18.7 108.9 ± 30.2 117.8 ± 27.6 0.003

HbA1c, % 5.3 ± 0.6 5.3 ± 0.7 5.4 ± 0.6 5.7 ± 0.6 0.03

Creatinine, mg/dL 0.82 ± 0.31 1.03 ± 0.71 0.82 ± 0.27 0.87 ± 0.33 0.16

eGFR, ml/min/1.73 m2 70.2 ± 18.4 62.4 ± 19.9 66.1 ± 13.4 65.4 ± 18.1 0.28

Smoker, n (%) 41 (50.0) 14 (63.6) 8 (30.8) 19 (57.6) 0.10

Complications, n (%)

Dyslipidemia 66 (80.5) 17 (77.3) 21 (80.8) 23 (69.7) 0.65

Diabetes mellitus 18 (22.0) 9 (40.9) 7 (26.9) 12 (36.4) 0.23

Coronary heart disease 14 (17.3) 6 (27.3) 1 (3.9) 10 (30.3) 0.03

Cerebrovascular disease 10 (12.4) 5 (22.7) 1 (3.9) 11 (33.3) 0.01

Medication use, n (%)

Calcium channel blockers 73 (90.1) 16 (72.7) 20 (76.9) 24 (72.7) 0.06

ARBs/ACEIs 57 (70.4) 18 (81.8) 21 (80.8) 26 (78.8) 0.53

β-blockers 8 (9.9) 1 (4.6) 1 (3.9) 8 (24.2) 0.05

Diuretics 16 (19.8) 3 (13.6) 5 (19.2) 11 (33.3) 0.31

Antiplatelet drugs 16 (19.8) 10 (45.5) 1 (3.9) 10 (30.3) 0.003

Statins 46 (56.8) 16 (72.7) 12 (46.2) 18 (54.6) 0.30

Antidiabetic drugs 11 (13.3) 6 (27.3) 5 (19.2) 9 (27.3) 0.24

baPWV measurement

baPWV, cm/s 1585 ± 257 1687 ± 267 1688 ± 313 1923 ± 399 < 0.001

Brachial systolic blood
pressure, mm Hg

124.5 ± 12.3 133.6 ± 14.6 127.0 ± 15.3 133.1 ± 15.5 0.004

Home blood pressure
monitoring

Morning systolic blood
pressure, mm Hg

121.9 ± 7.5 126.2 ± 5.7 138.6 ± 7.9 143.0 ± 9.1 < 0.001

Evening systolic blood
pressure, mm Hg

117.6 ± 8.7 120.8 ± 6.7 132.0 ± 12.2 132.6 ± 9.8 < 0.001

Night-time systolic blood
pressure, mm Hg

108.9 ± 6.3 126.0 ± 4.3 110.2 ± 6.9 128.0 ± 7.6 < 0.001

HDL high-density lipoprotein, LDL low-density lipoprotein, ARB angiotensin receptor blocker, ACEI angiotensin-converting enzyme inhibitor,
baPWV brachial-ankle pulse wave velocity
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between out-of-office blood pressure and vascular function
in patients receiving antihypertensive drugs.

baPWV has been shown to correlate closely with directly
measured aortic PWV and carotid-femoral PWV (cfPWV), the
gold standard for a non-invasive approach for the assessment of

central arterial stiffness [20, 21]. Recent meta-analyses have
shown that the hazard risk for the development of cardiovas-
cular disease increases linearly with an increase in baPWV
independently from traditional cardiovascular risk factors,
indicating that baPWV is not only an index of arterial stiffness
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but also an independent predictor for cardiovascular events [15,
22]. In the present study, baPWV was significantly higher in
treated patients with sustained hypertension than in those
without sustained hypertension. In addition, multivariate ana-
lysis revealed that sustained hypertension was significantly
associated with baPWV even after adjustment for other cardi-
ovascular risks factors and confounding factors of baPWV,
including age, brachial systolic blood pressure at baPWV
measurement, heart rate, and body mass index [23, 24].
Although, to our knowledge, there has been no study on the
relationship between out-of-office blood pressure status

stratified according to daytime and night-time blood pressures
and risk for the development of cardiovascular disease in
patients receiving antihypertensive drugs, these findings sug-
gest that patients with sustained hypertension may have higher
rates of cardiovascular morbidity and mortality than those
without sustained hypertension in treated patients with
hypertension.

In the present study, ROC curve analysis revealed that
the optimal cutoff value of baPWV to diagnose patients
with sustained hypertension was 1858 cm/s (AUC value,
0.74). In addition, baPWV above the cutoff value of 1858

Table 3 Multiple linear
regression analysis of the
relationships between baPWV
and variables

Variables baPWV (cm/s)

β VIF Standard error t P value

Age, year 0.2532 1.115 2.16 4.13 <0.001

Men 0.0133 1.156 20.86 0.21 0.83

Body mass index, kg/m2 −0.2194 1.078 5.90 −3.64 <0.001

Brachial systolic blood pressure at baPWV measurement,
mmHg

0.3765 1.048 1.36 6.34 <0.001

Heart rate, bpm 0.1778 1.022 1.89 3.03 0.003

Total cholesterol, mg/dL −0.0983 1.176 0.62 −1.56 0.12

HbA1c, % 0.1707 1.079 33.06 2.83 0.005

Sustained hypertension 0.1908 1.142 25.47 3.08 0.003

The adjusted r2 was 0.47

baPWV brachial-ankle pulse wave velocity, β standardized regression coefficient, VIF variance inflation
factor
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Fig. 2 Receiver operating
characteristic curves of brachial-
ankle pulse wave velocity
(baPWV) (a), flow-mediated
vasodilation (FMD) (b), and
nitroglycerine-induced
vasodilation (NID) (c) for
patients with sustained
hypertension
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cm/s was significantly associated with sustained hyperten-
sion in treated patients with hypertension even after
adjustment for other confounding factors. Recent studies
have shown that increased baPWV is a significant predictor
of new onset of hypertension in subjects without hyper-
tension [25]. Although the cross-sectional design of the
present study did not allow us to investigate a causal rela-
tionship between baPWV and sustained hypertension, these
findings suggest that increased arterial stiffness is associated
not only with the development of hypertension but also with
maintenance of an elevated blood pressure condition in
treated patients with hypertension.

The results of ROC curve analysis also demonstrated the
potential usefulness of baPWV measurement for selecting
candidates for whom assessment of night-time blood pres-
sure should be performed. Home blood pressure monitoring
for the assessment of night-time blood pressure is still often
burdensome because of sleep disturbances caused by cuff
occlusion during sleep [26]. Therefore, it is practically
difficult to perform measurement of out-of-office night-time
blood pressure in all patients receiving antihypertensive
drugs. Assessment of night-time blood pressure should be
recommended for treated hypertensives with baPWV above
1858 cm/s in order to identify patients with sustained
hypertension for further cardiovascular risk assessment in
patients receiving antihypertensive drugs.

FMD of the brachial artery has been widely used for
assessment of endothelial function in humans [27, 28].
Measurement of NID of the brachial artery is usually per-
formed for assessment of endothelium-independent vasodi-
lation as a control test for FMD. Recent studies have shown
that NID per se is impaired in patients with multiple cardi-
ovascular risk factors or established cardiovascular disease,
suggesting that not only FMD but also NID could be used as
a vascular biomarker [29, 30]. Although measurements of
FMD and NID were performed in patients with hypertension
in previous studies, there is little information on the asso-
ciations of home blood pressure status with FMD and NID
in patients receiving antihypertensive drugs [31–33]. The
present study showed that there was no significant associa-
tion between out-of-office systolic blood pressure and FMD,

the mean value of which was 2.0%. Considering the results
of a cross-sectional study conducted in 4533 Japanese sub-
jects showing that normal reference values of FMD were
6.5% in men and 7.4% in women [34], these findings sug-
gest that FMD is impaired regardless of the achieved clinic
systolic blood pressure and out-of-office systolic blood
pressure in treated patients with hypertension.

In the present study, although NID correlated sig-
nificantly with morning systolic blood pressure and night-
time systolic blood pressure, there was no significant
association between home blood pressure status and NID in
patients receiving antihypertensive drugs. We previously
reported that the mean value of NID in subjects without
cardiovascular risk factors was 15.3% [30], suggesting that
NID is also impaired regardless of the home blood pressure
status in treated patients with hypertension. There is a
paucity of data on the relationship between blood pressure
and NID in patients with hypertension. Further studies are
needed to investigate the role of NID as a vascular bio-
marker in treated patients with hypertension.

In the present study, baPWV was significantly higher in
patients with sustained hypertension than in patients with-
out sustained hypertension, whereas there were no sig-
nificant associations of home blood pressure status with
FMD and NID in patients receiving antihypertensive drugs.
Recent epidemiological studies have demonstrated that
patients receiving antihypertensive drugs have a higher
cardiovascular risk than those not receiving anti-
hypertensive drugs regardless of the achieved clinical blood
pressure levels, indicating that patients receiving anti-
hypertensive drugs should be regarded as a high risk group
for cardiovascular events with advanced atherosclerosis [3–
6]. Endothelial dysfunction and vascular smooth muscle
dysfunction may occur at an early stage of atherosclerosis
than arterial stiffening do. Therefore, it is postulated that
FMD and NID are already impaired in patients receiving
antihypertensive drugs, leading to lower FMD and NID
regardless of out-of-office blood pressure status. In addition,
we cannot deny the possibility that ability of the brachial
artery to dilate in response to shear stress or exogenous
nitric oxide is chronically altered by long-term use of
vasoactive medications, making FMD and NID of no use
for the assessment of vascular function in patients receiving
antihypertensive drugs.

Although we did not know the precise reasons for more
frequent use of β-blockers in the sustained hypertension
group, it may be due to higher prevalence of patients with
coronary heart disease in the sustained hypertension group,
for whom use of β-blockers is recommended for the sec-
ondary prevention [7].

There is a limitation in the present study. baPWV measures
velocity over a long arterial path, including peripheral mus-
cular arteries, which may be influenced by sympathetic tone.

Table 4 Multiple logistic regression analysis of the relationships
between sustained hypertension and variables

Covariates Odds ratio (95% CI) P value

Age, year 1.00 (0.95–1.06) 0.88

Men 0.77 (0.28–2.08) 0.60

Glucose, mg/dL 1.02 (0.99–1.03) 0.08

Cerebrovascular disease 3.64 (1.30–10.29) 0.01

β-blocker treatment 2.86 (0.83–9.61) 0.09

baPWV ≥ 1858 cm/s 5.01 (1.94–13.41) <0.001

CI confidence interval, baPWV brachial-ankle pulse wave velocity
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Therefore, we cannot deny the possibility that baPWVmay be
confounded by the presence of sympathetic activity, which
may also contribute to sustained hypertension. Although data
on the index of sympathetic activity, such as power spectrum
analysis of heart rate variability, would enable more specific
conclusion to be drawn regarding the association between
baPWV and sustained hypertension, we have no information
on the index of sympathetic activity. Further studies are
needed to investigate the associations of sympathetic activity
with baPWV and sustained hypertension.

In conclusion, baPWV was significantly higher in
patients with sustained hypertension than in those without
sustained hypertension, whereas there was no significant
difference in FMD or NID between patients with and those
without sustained hypertension who were receiving anti-
hypertensive drugs. Increased arterial stiffness may con-
tribute to sustained hypertension in patients receiving
antihypertensive drugs. Arterial stiffness may be a potential
therapeutic target for sustained hypertension to reduce
residual risk in patients receiving antihypertensive drugs.
Further studies are needed to determine whether aggressive
antihypertensive interventions targeting nocturnal hyper-
tension improve baPWV and lower cardiovascular mor-
bidity and mortality rates in patients receiving
antihypertensive drugs.
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