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Aim: Arterial stiffness assessed by brachial-ankle pulse wave velocity (baPWV) is predictive of cardio-
vascular events. This study was designed to investigate whether baPWV has an additional prognostic 
value to single-photon emission computed tomography (SPECT) in patients with suspected coronary 
artery disease (CAD).
Methods: A total of 350 subjects (age, 66.2±10.5 years, 53.4% male) with suspected CAD undergo-
ing myocardial SPECT and baPWV within 30 days were retrospectively analyzed. Cardiovascular 
events, including cardiovascular death, acute coronary syndrome and ischemic stroke, were assessed. 
Both fixed and reversible perfusion defects on SPECT were considered abnormal myocardial perfu-
sion imaging (MPI) findings.
Results: During the median follow-up period of 441 days (interquartile range 169–719 days), car-
diovascular events occurred in 21 patients (6.0%). In multivariable Cox regression analysis, abnormal 
MPI [hazard ratio (HR), 2.67; 95% confidence interval (CI), 1.21–10.37; p=0.024] and high baPWV 
(≥1,790 cm/s) (HR, 2.03; 95% CI, 1.08–6.38; p=0.007) were independent predictors of clinical 
events even after adjusting for possible confounders. Also, high baPWV had an incremental prognos-
tic value to traditional risk factors and abnormal MPI in predicting cardiovascular events (overall 
Chi-square, from 24.08 to 27.42; p＜0.001). Kaplan–Meier survival curves stratified by baPWV and 
MPI proved significantly improved prediction of cardiovascular events (log-rank p=0.001).
Conclusions: baPWV has an incremental prognostic value to traditional risk factors and MPI. There-
fore, baPWV can be used to identify subjects at higher risk of cardiovascular events in patients 
undergoing SPECT.
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Introduction

Cardiovascular disease is the leading cause of mor-
bidity and mortality worldwide1). Accordingly, diverse 
modalities have been developed for patients with sus-
pected or known coronary artery disease (CAD) to 
diagnose and manage the disease appropriately2). Among 
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measurement was performed at the discretion of the 
attending physicians. Of these 442 patients, 92 with a 
history of previous myocardial infarction, coronary 
revascularization and ischemic stroke, peripheral artery 
disease with an ankle-brachial index of ＜0.9, or insuf-
ficient clinical information for the analysis were 
excluded. Finally, 350 patients were analyzed in this 
study. Patients with diabetes mellitus, hypertension, 
and dyslipidemia were defined by maintaining their 
medications and laboratory values. Diabetes mellitus 
was defined as 1) having a history of diabetes mellitus, 
2) taking antidiabetic medication, or 3) having a pre-
test fasting glucose value of ≥126 mg/dL. Hyperten-
sion was defined as 1) having a history of hyperten-
sion, 2) taking antihypertensive medication, or 3) hav-
ing a pretest systolic blood pressure of ≥140 mmHg or 
a diastolic blood pressure of ≥90 mmHg at rest. Dys-
lipidemia was defined as 1) having a history of dyslip-
idemia, 2) taking lipid-lowering medication, or 3) 
having a pretest total cholesterol level of ≥200 mg/dL 
or a low-density lipoprotein (LDL) cholesterol of 
≥100 mg/dL. Patients with end-stage renal disease 
(ESRD) were defined as those who had an estimated 
glomerular filtration rate of ＜15 mL/min/1.73 m2 or 
those who received renal replacement therapy. Body 
mass index (BMI) was also calculated as weight (kg) 
divided by square of height (m2), and BMI ≥25 kg/m2 
was set as a significant obesity. Blood levels of total 
cholesterol, LDL cholesterol, and high-density lipo-
protein (HDL) cholesterol were obtained after over-
night fasting for more than 8 h. The information of 
patients’ medication was obtained by reviewing their 
medical records. The Institutional Review Board of 
Boramae Medical Center (Seoul, Korea) approved this 
study protocol. Informed consent was waived due to 
retrospective study design.

The baPWV Measurement
After a patient was placed in the supine position 

for 5 or more min, blood pressure and baPWV were 
automatically generated using a noninvasive automated 
waveform analyzer (VP-1000; Colin Co. Ltd., Kom-
aki, Japan), as described previously21). Briefly, baPWV 
was measured in patients’ bilateral upper and lower 
extremities using a plethysmographic sensor, which 
simultaneously recorded blood pressure, an electrocar-
diogram, and heart sounds in accordance with the man-
ufacturer’s recommendations. Also, baPWV (cm/s) was 
calculated as the length between arterial sites divided 
by time interval and was measured in both brachial 
and posterior tibial arteries. The higher value between 
left and right baPWV measurements was chosen for 
further analysis. All measurements were made by the 

them, as a conventional method, myocardial single-
photon emission computed tomography (SPECT) has 
been widely used to detect CAD and to guide selective 
invasive coronary angiography. Importantly, assess-
ment of the viable myocardium using SPECT pro-
vides prognostic information in patients who are at 
risk of having further coronary events3-5). Increased 
arterial stiffness represents vascular aging and arterio-
sclerosis, and it is not only directly associated with the 
presence and severity of CAD but also has incremental 
prognostic value for poor cardiovascular outcomes6-12). 
Arterial stiffness can be noninvasively assessed by mea-
suring pulse wave velocity (PWV)12-14), which is sim-
ple, reproducible, economical, and validated in various 
populations with certain medical conditions6-10). There 
have been methodological variabilities in the measure-
ment of PWV, of which brachial-ankle PWV (baPWV) 
is well correlated with invasive study results of arterial 
stiffness and risks of further coronary events. Although 
primary and secondary prevention strategies based on 
diverse workup tools, including SPECT and baPWV, 
have improved for decades, the incidence of CAD is 
still on the rise1). At present, a single modality has 
been shown to have its limitations with respect to 
diagnostic and prognostic accuracies in spite of techni-
cal advances15, 16). Hence, multi-disciplinary approach 
is recently increasing to minimize CAD and to make a 
better decision17-20).

Aim

To date, there has been lack of information on 
additional benefits of combined information of 
SPECT and baPWV. Considering the prognostic 
value of both SPECT and baPWV, we hypothesized 
that combining information of both tests will become 
stronger in the prediction of cardiovascular events 
compared with that of either one.

The present study was conducted to investigate 
whether baPWV has an additional prognostic value to 
SPECT predicting cardiovascular events in patients 
with suspected CAD.

Methods

Study Population
This single center study was performed at Bora-

mae Medical Center (Seoul, Korea). Between June 
2009 and December 2012, a total of 442 patients who 
underwent both SPECT and baPWV within 30 days 
were retrospectively identified. In this study, all patients 
who enrolled this study were treated according to the 
current standard management guidelines, and baPWV 
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after a starting injection of adenosine. SPECT scan-
ning was performed using a step-and-shoot method 
with 3° interval, 25 s for each step, and acquired 
images were reconstructed by the filtered back projec-
tion method using a Butterworth filter (cut-off fre-
quency 0.49, order 5) and iterative reconstruction 
methods. SPECT images were interpreted by well-
trained nuclear physicians who were blinded to the 
clinical information in accordance with the recom-
mendations of the American Society of Nuclear Car-
diology25). Patients were categorized as presence and 
absence of perfusion defect, which was assessed on the 
stress image (segmental tracer activity ＜75% of maxi-
mum), and both fixed and reversible perfusion defects 
on SPECT were considered as abnormal myocardial 
perfusion imaging (MPI) findings.

Clinical Events
Follow-up information was obtained from hospi-

same experienced operator blinded to the clinical infor-
mation. The intra-observer coefficient of variation was 
about 5.1%, as similar to other studies22, 23), and the 
inter-observer coefficient of variation could not be cal-
culated as there was only one examiner in this study. 
Patients were allowed to take their regular medications 
during examination.

SPECT Protocol
SPECT was performed using a dual-headed cam-

era (Infinia Hawkeye 4, General Electric Co., USA) 
equipped with a low-energy high-resolution collima-
tor. Rest images were obtained 5 min after an intrave-
nous injection of thallium-201(201T)-chloride(111 
MBq), and stress images were acquired 3 h after an 
intravenous injection of technetium-99 m(99 mTc)-
MIBI(925 MBq)24). For pharmacological stress, ade-
nosine (0.14 mg/kg/min) was continuously infused 
for 6 min, and 99 mTc-MIBI was injected at 3 min 

Table 1. Baseline characteristics of study patients

Characteristic
Total

(n=350)
Patients with events

(n=21)
Patients without events

(n=329)
p-value＊

Age, years
Age ≥65 years, n (%)

Male sex, n (%)
BMI, kg/m2

BMI ≥25 kg/m2, n (%)
Smoking, n (%)

Current smoking, n (%)
Diabetes mellitus, n (%)
Hypertension, n (%)
Dyslipidemia, n (%)
ESRD, n (%)
Total cholesterol, mg/dL
LDL cholesterol, mg/dL
HDL cholesterol, mg/dL
Invasive procedure, n (%)

CAG
PCI
CABG

Medications, n (%)
Antiplatelet agent
Statin
RAS blocker
Beta blocker
Calcium channel blocker
Nitrate

66.2±10.5
263 (75.1)
187 (53.4)
24.6±3.6
160 (45.7)
139 (39.7)

76 (21.7)
163 (46.6)
230 (65.7)
198 (56.6)

25 (7.1)
169.7±43.9
104.7±40.2

43.2±12.8

230 (65.7)
106 (30.3)

14 (4.0)

220 (62.9)
191 (54.6)
160 (45.7)
130 (37.1)
109 (31.1)

64 (18.3)

70.9±7.2
20 (95.2)
11 (52.4)

24.5±3.9
5 (23.8)

10 (47.6)
3 (14.3)

12 (57.1)
17 (81.0)
14 (66.7)

5 (23.8)
154.3±50.9

92.1±34.3
38.2±11.5

16 (76.2)
7 (33.3)
1 (4.8)

16 (76.2)
17 (81.0)
11 (52.4)

8 (38.1)
3 (14.3)
2 (9.5)

65.9±10.6
243 (73.9)
176 (53.5)
24.6±3.6
155 (47.1)
129 (39.2)

73 (24.7)
151 (45.9)
213 (64.7)
184 (56.1)

20 (6.1)
170.7±43.3
105.6±40.4
43.6±12.8

214 (65.0)
99 (30.1)
13 (4.0)

204 (62.0)
174 (52.9)
149 (45.3)
122 (37.2)
106 (32.2)

62 (18.8)

0.048
0.033
0.548
0.989
0.030
0.294
0.494
0.219
0.097
0.237
0.011
0.727
0.332
0.695

0.351
0.808
0.587

0.192
0.012
0.527
0.934
0.085
0.284

BMI, body mass index; ESRD, end-stage renal disease; LDL, low-density lipoprotein; HDL, high-density lipoprotein; CAG, coronary angiography; 
PCI, percutaneous coronary intervention; CABG, coronary artery bypass graft surgery; RAS, renin-angiotensin system.
＊p-value is from the comparisons between patients with and without events.
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Statistical Analysis
Continuous variables are expressed as mean±

standard deviation (SD), whereas categorical variables 
are presented as absolute values and their proportions. 
Differences between continuous variables are compared 
by the student’s t test for independent samples, and 
differences between categorical variables are compared 
by the χ2 test or Fisher’s exact test, as appropriate. The 
optimal cut-off value of baPWV for the prediction of 
clinical events was obtained using receiver operating 
characteristic (ROC) curve analysis. Kaplan–Meier 
survival curves were used to estimate the risk of car-
diovascular events according to myocardial SPECT 
findings and baPWV measurements during the follow-
up period. Differences between time-to-event curves 
were compared with the log-rank test. Two steps of 
multivariable analyses were conducted. Initially, the 
Cox proportional hazard regression model with a for-
ward selection method was used to assess the risk of a 

tal records described by their physicians or telephone 
interviews if necessary. Clinical events, including car-
diovascular death, nonfatal acute coronary syndrome 
(ACS), and nonfatal ischemic stroke, during the fol-
low-up period were evaluated. ACS included acute 
myocardial infarction (AMI) and unstable angina, 
which were confirmed by cardiologists with objective 
evidences. Ischemic stroke was diagnosed by typical 
neurological signs and symptoms that were assessed by 
neurologists and findings of noninvasive brain imag-
ing studies, such as brain computed tomography and/
or magnetic resonance imaging (MRI)26). Ischemic 
stroke occurring within 24 h after coronary catheter-
ization (n=1) was excluded from analysis because it 
may have resulted from the procedure itself 27). Car-
diovascular death was defined as the death after ACS/
stroke or sudden cardiac death.

Fig.1. Event free survival rates according to SPECT result.

SPECT, single-photon emission computed tomography; MPI, myocardial perfusion imaging.

No. at risk
Normal MPI 130 67 38 7 0
Abnormal MPI 220 96 45 15 0
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tes mellitus, dyslipidemia, and ESRD were 65.7%, 
46.6%, 56.6%, and 7.1%, respectively. Coronary angi-
ography (CAG) was performed in two thirds of patients 
to evaluate CAD. Percutaneous coronary intervention 
(PCI) and coronary artery bypass graft (CABG) Surgery 
progressed in 106 (30.3%) and 14 (4.0%) patients on 
the basis of CAG results. Two hundred and twenty 
patients (62.9%) took an antiplatelet agent, and over 
a half of patients (54.6%) were prescribed statins. The 
proportion of patients taking renin-angiotensin system 
(RAS) blocker, beta blocker, calcium channel blocker, 
and nitrate were 45.7%, 37.1%, 31.1%, and 18.3%, 
respectively.

Comparison between Patients with and without 
Clinical Events

During the median follow-up period of 441 days 
(interquartile range, 169 –719 days), clinical events, 
including cardiovascular death (n=4), nonfatal ACS 

given variable as expressed with a hazard ratio (HR) 
and corresponding 95% confidence interval (CI) after 
adjusting for potential confounders. Secondly, the 
added value of baPWV to clinical and SPECT find-
ings predicting cardiovascular events were analyzed 
using global Chi-square scores. A p value of ＜0.05 
was considered statistically significant. All analyses 
were performed using SPSS 22.0 statistical package 
(IBM Co., Armonk, NY, USA).

Results

Baseline Characteristics of Study Patients
The baseline characteristics of study patients are 

shown in Table 1. The mean age of the patients was 
66.2±10.5 years, and approximately 75% of patients 
were over 65 years of age. About half of patients 
(53.4%) were male, and 21.7% were current smokers. 
The proportion of patients with hypertension, diabe-

Fig.2. Event free survival rates according to baPWV values.

baPWV, brachial-ankle pulse wave velocity.

No. at risk
baPWV < 1,790 cm/s 213 100 53 14 0
baPWV 1,790 cm/s 137 63 30 6 0
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Kaplan –Meier curves showed that the occurrence of 
clinical events was significantly higher in patients with 
perfusion defect than that in patients without perfu-
sion defect (8.2% vs. 2.3%; log-rank test, p=0.026) 
(Fig.1). baPWV was significantly higher in patients 
with events than that in patients without events 
(1,930±674 cm/s vs. 1,760±546 cm/s; p=0.018). In 
addition, a baPWV of 1,790 cm/s was obtained as the 
best cut-off value in predicting cardiovascular events 
using ROC curve analysis (area under curve, 0.63; 
95% CI, 0.51–0.75; p=0.047; sensitivity 62.0% and 
specificity 62.3%). When patients were classified into 
2 groups according to the cut-off value of baPWV, the 
cumulative event rate was significantly higher in 

(n=10), and nonfatal ischemic stroke (n=7), occurred 
in 21 patients (6.0%). Comparisons of characteristics 
between patients with and without clinical events are 
also shown in Table 1. Patients with cardiovascular 
events were older, less obese, more frequently had 
ESRD, and received more statin therapy than those 
without events (p＜0.05 for each).

Clinical Events According to SPECT, baPWV, and 
Their Combined Results

Among the patients with abnormal MPI in SPECT 
(n=220), invasive CAG was performed in 193 patients 
(87.7%). Among them, 92 (41.8%) and 13 (5.9%) 
patients underwent PCI and CABG, respectively. 

Fig.3. Event free survival rates according to SPECT and baPWV results.

Group I, patients with normal MPI and a baPWV of ＜1,790 cm/s; Group II, patients with normal MPI 
and a baPWV of ≥1,790 cm/s; Group III, patients with abnormal MPI and a baPWV of ＜1,790 cm/s; 
Group IV, patients with abnormal MPI and a baPWV of ≥1,790 cm/s.
SPECT, single-photon emission computed tomography; MPI, myocardial perfusion imaging; baPWV, 
brachial-ankle pulse wave velocity.
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and perfusion defect on SPECT toward the prediction 
of future clinical events in patients with suspected 
CAD. To the best of our knowledge, this is the first 
report showing clinical implications of the integrated 
approach of PWV and SPECT for the risk stratifica-
tion of CAD.

Prognostic Power of baPWV
The prevention and treatment of cardiovascular 

disease have focused on risk factors known to be detri-
mental to arterial integrity. Arterial damage by arterio-
sclerosis or aging process can be assessed by measuring 
arterial stiffness. Previous studies have described the 
value of PWV predicting future cardiovascular events in 
various medical conditions, such as hypertension, dia-
betes mellitus, stroke, and renal insufficiency6-8, 12, 28-33). 
However, clinical use of baPWV in patients with sus-
pected or known CAD has been reported in only a 
few clinical studies34, 35). In our study, we showed that 
high baPWV increased the risk of future cardiovascu-
lar events in patients with suspected CAD. This is in 
line with results shown in other high-risk groups of 
previous studies6-8, 28-32, 36). Increased arterial stiffness 
induces vascular structural changes, which derives an 
increase in the velocity of pressure wave as it travels 
down the aorta. As arteries stiffen, the reflected flow 
coming back from the periphery reaches the heart at 
systole instead of diastole and augments the afterload. 
These serial changes consequently result in reductions 
in coronary filling and then in further myocardial 
ischemia. In addition, arterial stiffening is related with 
a widened pulse pressure, which can progress to sys-
tolic hypertension, a well-known cardiovascular risk 

patients with a baPWV of ≥1,790 cm/s (n=213, 
60.9%) than that in patients with a baPWV of 
＜1,790 cm/s (n=137, 39.1%) (9.5% vs. 3.8%; log-
rank test, p=0.012) (Fig.2). To assess the value of 
combined information of baPWV and MPI findings, 
patients were stratified into 4 groups as follows: 1) 
patients with normal MPI and a baPWV of ＜1,790 
cm/s (n=71, 20.3%), 2) those with normal MPI and 
a baPWV of ≥1,790 cm/s (n=59, 16.9%), 3) those 
with abnormal MPI and a baPWV of ＜1,790 cm/s 
(n=140, 40.0%), and 4) those with abnormal MPI and 
a baPWV of ≥1,790 cm/s (n=80, 22.9%). Kaplan –
Meier curves showed that the event rate was signifi-
cantly different between the 4 groups (0.0% vs. 5.1% 
vs. 5.0% vs. 13.8%; log-rank test, p=0.001) (Fig.3). 
During the follow-up period, no clinical event occurred 
in patients with normal MPI and a baPWV of ＜1,790 
cm/s.

Independent Predictors for Clinical Events
In order to evaluate independent predictors for 

clinical events, multivariable Cox regression analysis 
was performed. Age ≥65 years (HR, 4.37; 95% CI, 
1.32–14.51; p=0.016), ESRD (HR, 4.86; 95% CI, 
1.42–16.65; p=0.012), statin therapy (HR, 4.13; 95% 
CI, 1.07–15.91; p=0.040), abnormal MPI (HR, 2.67; 
95% CI, 1.21 –10.37; p=0.024), and a baPWV of 
≥1,790 cm/s (HR, 2.03; 95% CI, 1.08 –6.38; p=  
0.007) were independently associated with an increased 
risk of cardiovascular events (Table 2).

The Incremental Prognostic Value of baPWV
Abnormal MPI findings had an incremental prog-

nostic value to traditional risk factors in the prediction 
of clinical events (global Chi-square score, from 17.85 
to 24.08; p＜0.001). Furthermore, a baPWV of ≥1,790 
cm/s had an incremental prognostic value to com-
bined information of traditional risk factors and abnor-
mal MPI findings (global Chi-square, from 24.08 to 
27.42; p＜0.001) (Fig.4). This incremental prognos-
tic value of baPWV was indirectly revealed by com-
paring event-free survival rates between group 3 and 4 
in Kaplan–Meier survival curve (the annual rate of 
clinical events, 2.3% vs. 3.7%; log-rank test, p=0.008) 
(Fig.3).

Discussion

The present study demonstrated that increased 
arterial stiffness evaluated by baPWV was indepen-
dently associated with a higher risk for cardiovascular 
events. More important, baPWV provided an addi-
tional prognostic value over conventional risk factors 

Table 2. Independent predictors of clinical events

Adjusted HR (95% CI) p-value

Age ≥65 years
Male sex
Hypertension
Diabetes mellitus
Dyslipidemia
ESRD
PCI
CABG
Antiplatelet agent
Statin
Abnormal MPI
baPWV ≥1,790 cm/s

4.37 (1.32–14.51)
1.52 (0.94–2.51)
1.76 (0.54–5.75)
1.26 (0.48–3.28)
1.45 (0.53–4.02)
4.86 (1.42–16.65)
0.88 (0.33–2.41)
0.87 (0.10–7.72)
0.95 (0.27–3.39)
4.13 (1.07–15.91)
2.67 (1.21–10.37)
2.03 (1.08–6.38)

0.016
0.536
0.346
0.642
0.471
0.012
0.810
0.901
0.938
0.040
0.024
0.007

HR, hazard ratio; CI, confidence interval; baPWV, brachial-ankle pulse 
wave velocity; MPI, myocardial perfusion imaging. Other abbreviations 
are same as Table 1.
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respective modalities alone39). In addition, Di Carli 
and Hachamovitch demonstrated that an integrated 
approach with cardiac positron emission tomography 
(PET) and CCTA overcame the discrepancy between 
anatomical and physiological measurements of steno-
sis severity40). Recently, in 20 patients with AMI, 
hybrid cardiac PET-MRI provided not only high-qual-
ity cardiac images but also quantitative information on 
the metabolic process, which improved risk stratifica-
tion41). However, current combined imaging systems 
have several practical constraints. There are quite a few 
barriers to perform these tests due to ambiguous indi-
cations and high cost. Furthermore, they result in 
more exposure to radiation, which could be hazard-
ous. In this context, we suggest baPWV as a new non-
invasive modality to overcome these limitations. The 
measurement of baPWV is noninvasive and easy to 
perform6, 42). It does not provide further exposure of 
radiation. Furthermore, the value of baPWV has been 
validated in numerous previous clinical studies and 
meta-analysis6, 7, 9, 11, 31, 42). Notably, given that com-
bined information from baPWV and SPECT had an 
incremental prognostic value as shown in our study, 

factor30, 33). On the basis of this hemodynamic back-
ground, our results led to a proper conclusion that 
baPWV can be useful as a prognostic marker of CAD 
that clinicians can use to obtain the additional infor-
mation in patients with known or suspected CAD.

Combined Information of Noninvasive Modalities 
for Better Risk Stratification

In the past few decades, noninvasive cardiac imag-
ing modalities have been considerably developed, which 
have played a significant role in risk stratification and 
CAD prevention/management. Despite this progress, 
CAD remains highly prevalent and represents a health-
care burden in modern societies, which is derived from 
a potential limitation of evaluating CAD by a single 
noninvasive imaging37, 38). Therefore, numerous attempts 
to integrate diverse noninvasive modalities have been 
made. Schepis et al. proved that the addition of coro-
nary calcium score improved the sensitivity of SPECT 
from 76% to 86% for the detection of CAD15), and 
Kim et al. showed that the sequential use of SPECT 
and coronary computed tomographic angiography 
(CCTA) had an incremental prognostic value to the 

Fig.4. Incremental prognostic value of baPWV to clinical risk factors and SPECT.

baPWV, brachial-ankle pulse wave velocity; MPI, myocardial perfusion imaging.
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