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Cardio-Ankle Vascular Index Is Superior to 
Brachial-Ankle Pulse Wave Velocity as an 

Index of Arterial Stiffness

Akira TAKAKI1), Hiroshi OGAWA2), Takatoshi WAKEYAMA2), Takahiro IWAMI2), 

Masayasu KIMURA2), Yasuyuki HADANO2), Susumu MATSUDA2), Yousuke MIYAZAKI2), 

Atsushi HIRATSUKA2), and Masunori MATSUZAKI3)

Both cardio-ankle vascular index (CAVI) and brachial-ankle pulse wave velocity (baPWV) are noninvasive

methods to estimate arterial stiffness. The purpose of this study is to determine whether CAVI or baPWV is

superior as an index of arterial stiffness. One hundred and thirty patients with chest pain syndrome who

underwent coronary angiography (CAG) were included in this study. We obtained intima-media-thickness

(IMT) and the stiffness parameter β  of the carotid artery by carotid ultrasounds (CU). The peak early diastolic

velocity (

 

E

 

), deceleration time of 

 

E

 

 (EDCT), peak atrial systolic velocity (

 

A

 

) of transmitral flow and left ven-

tricular mass index (LVMI) were obtained by echocardiography. CAVI, baPWV, total cholesterol (T-C), low

density lipoprotein cholesterol (LDL-C), high density lipoprotein cholesterol (HDL-C) and triglycerides (TG)

were measured before CAG. There was a significant correlation between CAVI and baPWV (

 

r

 

=

 

0.64, 

 

p

 

<

 

0.01).

Both CAVI and baPWV were significantly correlated with age, IMT and β  (age:  r = 0.64,  p < 0.01 for CAVI, and 

r

 
=

 

0.48, 

 

p

 
<

 

0.01 for baPWV; IMT: 

 

r

 
=

 

0.40, 

 

p

 
<

 

0.01, and 

 

r

 
=

 

0.31, 

 

p

 
<

 

0.01; β :  r = 0.36,  p < 0.01 and  r = 0.25,  p < 0.01).

However, only CAVI was correlated with the parameters of left ventricular diastolic indices from echocar-

diography (

 

E

 

/

 

A

 

: 

 

r

 

=

 

0.44, 

 

p

 

<

 

0.01; EDCT: 

 

r

 

=

 

0.36, 

 

p

 

<

 

0.01). Additionally, LDL-C and T-C/HDL-C were also asso-

ciated with only CAVI (LDL-C: 

 

r

 

=

 

0.26, 

 

p

 

<

 

0.02; T-C/HDL-C: 

 

r

 

=

 

0.30, 

 

p

 

<

 

0.01), not baPWV. Finally, only CAVI

was significantly higher in the group with angina pectoris than in the normal group (9.708±1.423 

 

vs

 

.

9.102±1.412; 

 

p

 

=

 

0.0178). All parameters associated with atherosclerosis suggested that CAVI was superior

to baPWV as a parameter of arterial stiffness. (
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 2008; 31: 1347–1355)
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Introduction

 

Pulse wave velocity (PWV) obtained by non-invasive auto-
matic devices is widely used as an indicator of arterial stiff-
ness and a marker reflecting vascular damages (

 

1

 

–

 

3

 

). The
measurement of PWV is useful to diagnose arteriosclerosis in
any part of the body. It is a simple and reliable marker to
screen the general population for effective prevention of car-
diovascular disease (

 

4

 

–

 

6

 

). A new method for measuring PWV

has been proposed in Japan. Brachial-ankle PWV (baPWV)
measures the PWV in the arm and leg by applying air pressure
using the volume plethysmographic method. However,
baPWV has been reported to be influenced by several factors,
including blood pressure (BP) and autonomic nerve function,
Therefore, baPWV does not solely reflect arteriosclerosis.

On the other hand, the stiffness parameter 

 

β

 

, an index of
vascular sclerosis, is reported to be independent of BP (

 

7

 

).
Initially, 

 

β

 

 of the thoracic descending aorta (TDA) was
obtained by transesophageal echocardiography (TEE) (

 

8

 

).
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Recently, another modality was introduced for 

 

β

 

 of TDA, that
is cardio-ankle vascular index (CAVI). CAVI is a new index
independent of BP (

 

9

 

). The accuracy and usefulness of CAVI
and its correlation with several arteriosclerotic parameters
have been reported in detail (

 

10

 

). However, there has been no
full comparison of the clinical usefulness of baPWV and
CAVI.

In this study, we examined the difference in clinical useful-
ness between CAVI and baPWV as indicators of arterioscle-
rosis.

 

Methods

 

One hundred thirty consecutive patients (80 men and 50
women between 35 and 85 years old; mean age, 69

 

±

 

12 years)
with chest pain syndrome who underwent coronary angiogra-
phy (CAG) were enrolled in this study. The left ventricular
(LV) ejection fraction (LVEF) was normal (

 

≥

 

60%) in all of
patients. The characteristics of patients are listed in Table 1.
BP and baPWV were studied using AT-form PWV/ABI
(Colin, Komaki, Japan), which has been described in detail
previously (

 

11

 

–

 

13

 

). This device simultaneously records right
and left brachial and tibial arterial pressure wave forms, lead
I of an electrocardiogram, and a phonocardiogram. The time
difference between the brachial and ankle arterial pressure
wave (

 

Δ

 

T

 

) was determined by wave front velocity theory. The
distance between the arm and ankle (

 

D

 

) was calculated based
on anthropometric data for the Japanese population. Finally,
the baPWV was calculated as 

 
D/ΔT.

On the other hand, CAVI was measured non-invasively
using a VaSera VS-1000 system (Fukuda Denshi, Tokyo,
Japan). CAVI was obtained by substituting the stiffness
parameter β into an equation for determining vascular elastic-
ity and PWV. The stiffness parameter β indicates BP-inde-
pendent patient-specific vascular stiffness as measured by
arterial ultrasound, and is calculated by the following equa-
tion:

β=ln (Ps/Pd) × D/ΔD (1)

where Ps and Pd are the systolic BP (SBP) and diastolic BP
(DBP) respectively in mmHg, D is the internal diameter of the
blood vessels and ΔD is the excursion of D during a cardiac
cycle.

Bramwell-Hill’s formula expresses the relationship
between the volume elastic modulus and PWV as follows:

PWV2=ΔP/ρ × V/ΔV (2)

where ΔP is the pulse pressure, ρ is the blood density, V is the
volume of the blood vessel, and ΔV is the change of V.

From Eq. (2), the following formula is derived:

V/ΔV=D/ΔD/2=2ρ/ΔP × PWV2 (3)

where D is the diameter of the blood vessels and ΔD is the
change of D.

When we substitute Eq. (3) for Eq. (1), we obtain the stiff-

ness parameter β as β=CAVI= ln (Ps/Pd) × 2ρ/ΔP × PWV2.
CAVI was measured as follows. PWV was obtained by

dividing the vascular length (L) by the time (T) required for
the pulse wave to propagate from the aortic valve to the ankle,
as shown in Fig. 1. T is difficult to obtain, because the starting
time of the blood stream from the aortic valve is difficult to
identify from the valve’s opening sound. Therefore, T is
obtained by summing tb and tba in place of tb′ and tba, because
tb′ and tb are theoretically equal (tba: the time between the rise
of the brachial pulse wave and rise of the ankle pulse wave; tb:
the time between the aortic valve’s closing sound and the
notch of the brachial pulse wave; tb′: the time between the aor-
tic valve’s opening sound and the rise of the brachial pulse
wave).

To detect the brachial and ankle pulse waves with cuffs, the
pressure of the cuffs is kept low at 30 mmHg to 50 mmHg to
ensure a minimal effect of cuff pressure on the hemodynam-
ics (14). baPWV and CAVI were measured at about the same
time with the subject lying in a supine position after resting
for at least 5 min.

After the measurement of baPWV and CAVI, we per-
formed carotid ultrasounds (CU) and an echocardiogram
(UCG). The intima-media-thickness (IMT), the plaque score
(PS) calculated by sum of IMT≥1.1 mm and β of carotid
artery were obtained by CU. CU was performed using a SSD
4000 ultrasound machine (Aloka Co. Ltd, Tokyo, Japan) with
a 7.5 MHz transducer. The IMT was evaluated as the distance
between the lumen-intimal interface and the medial-adventi-
tial interface, and was measured using two calipers on the fro-
zen frame of a suitable longitudinal image. The upper limit
of normal for the IMT was defined as 1.0 mm. To assess
the severity of atherosclerosis, we used the PS, which was
calculated by summing all plaque thickness in both carotid

Table 1. Anthropometricts in All Participatants

Number of subjects Men: 80, women: 50
Age (years) 69±12
SBP (mmHg) 137±31
DBP (mmHg) 79±13
T-C (mg/dL) 203±39
TG (mg/dL) 140±114
HDL-C (mg/dL) 52±17
LDL-C (mg/dL) 124±36
Treated hypertension (n) 68
Diabetes mellitus (n) 27
Smoking (n) 36
Stroke (n) 11
PAF (n) 10
AP (n) 86

SBP, systolic blood pressure; DBP, diastolic blood pressure; T-C,
total cholesterol; TG, triglyceride; HDL-C, high density lipopro-
tein cholesterol; LDL-C, low density lipoprotein cholesterol;
PAF, paroxysmal atrial fibrillation; AP, angina pectoris.
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systems (15–17).
We used the max IMT and average β of both common

carotid arteries in this study. The measurement of β in the
carotid artery was done at a point without plaque (18). We
measured the minimum dimension (Dd) and maximum
dimension (Ds) of the carotid artery, then calculated the sys-
tolic dimensional change (ΔD = Ds − Dd) on the M-mode
echogram. The leading edge of near gain in the carotid artery
is inside IMT. β was calculated as ln (Ps/Pd) × (Dd/ΔD) and
used to express the stiffness of the carotid arterial wall (Fig.
1).

We next performed UCG. All Doppler profiles were
recorded in apical 4-chamberview. The peak velocities of
early (E) and late (A) mitral inflow and the deceleration
time of the E wave (EDCT) were measured using pulse-wave
Doppler with the sample volume at the tip of the mitral valve
leaflets. We also recorded the M-mode of the left ventricle
(LV). The thickness of the LV posterior wall (LVPW) and
interventricular septum (IVS), and the LV diastolic
dimension (LVDd) were obtained by the M-mode of LV.
The mass of the LV (LVM) was calculated as
1.04 × [(LVPW+IVS+LVDd)3 − LVDd3] − 13.6. The index
of LVM (LVMI) was calculated by LVM/body surface area.

All participants gave written informed consent for the two
studies, which were approved by the committee and con-
ducted in accordance with the Declaration of Helsinki (2000)
of the World Medical Association. Both studies were
approved by the Ethics Committee of Tokuyama Central Hos-
pital.

Statistical Analysis

Statistical analysis was performed using StatView version 5.0
(Abacus Concepts, Calabasus, USA). Quantitative data are
expressed as the mean value±SD. Multivariate analysis of the
associations was performed using the standard linear regres-
sion technique. Significance was established at p<0.05.

Results

Relationship between CAVI and baPWV in
Patients with Chest Pain Syndrome

The mean values of CAVI and baPWV were 9.404±1.552
and 1,676±389 cm/s, respectively. Figure 2 depicts the rela-
tionship between CAVI and baPWV. A good correlation was
observed between CAVI and baPWV (r=0.64, p<0.01).
Both CAVI and baPWV were correlated with age (r=0.64,
p<0.01 and r=0.48, p<0.01).

Relation of CAVI and baPWV to BP

CAVI was not correlated with SBP or DBP. However, both
SBP and DBP were significantly correlated to baPWV (SBP:
r=0.47, p<0.01; DBP: r=0.22, p<0.02; Fig. 3).

Relation of CAVI and baPWV to Parameters from
CU

There were significant correlations between CAVI and IMT
(r=0.40, p<0.01), and CAVI and β (r=0.36, p<0.01). On
the other hands, there was a lesser but still significant associ-
ation between baPWV and IMT (r=0.31, p<0.01) or β
(r=0.25, p<0.01) (Fig. 4).

Relation of CAVI and baPWV to Parameters from
UCG

CAVI, but not baPWV, was correlated to parameters of LV
diastolic property from echocardiography (E /A: r=0.44,
p<0.01; EDCT: r=0.38 p<0.01). Neither CAVI nor baPWV
was significantly correlated to LVMI (Fig. 5).

Fig. 1. Dimensional change of the carotid artery by US.
Stiffness parameter β=[ln (Ps/Pd)] × Dd/(Ds − Dd). Ps, peak
systolic blood pressure; Pd, peak diastolic blood pressure;
Dd, minimum dimension of carotid artery; Ds, maximum
dimension of carotid artery.

Fig. 2. There was a good correlation between CAVI and
baPWV.
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Relation of baPWV and CAVI to Parameters of
Serum Lipids

Low density lipoprotein cholesterol (LDL-C) and total cho-
lesterol (T-C)/high density lipoprotein cholesterol (HDL-C)
were significantly associated with CAVI (LDL-C: r=0.26,
p=0.0195; T-C/HDL: r=0.30, p<0.01). However, baPWV
was not significantly correlated to serum lipids such as T-C,
LDL-C, triglycerides (TG), and HDL-C (Fig. 6).

Relationship between baPWV or CAVI and Coro-
nary Artery Disease with Chest Pain Syndrome

Eighty-six of the 130 patients (66%) had angina pectoris (AP
group) and were admitted due to significant coronary arterial
stenosis (more than 75% stenosis) as determined by CAG.
These patients were further divided into three subgroups by

the stenotic ratio of the coronary artery. Those with ratios of
75%, 75–90%, and over 90% were included in the low (L),
medium (M), and high (H) stenotic ratio groups, respectively.
The sclerotic score of L, M, and H was given 1, 3, or 5 points,
respectively. Moreover, we scored total sclerotic score (TSS)
by summing up the sclerotic score of the all stenotic lesions
from No. 1 to No. 15. We classified coronary artery (No. 1–
No. 15) by according to the classification of American Heart
Association. The CAVI of the AP group was significantly
higher than that of the normal coronary group with chest pain
syndrome (9.708±1.423 vs. 9.102±1.412: p=0.0178) (Fig.
7). Age was not significantly different between the AP
and normal coronary group (68±12 vs. 69±13 years). CAVI
was not significantly different between one-vessel disease
and multi-vessel disease (9.482±2.135 vs. 9.705±2.804:
p=0.12). However, there was poor correlation between CAVI
and TSS. baPWV was not significantly different between the

Fig. 3. baPWV, but not CAVI, was well correlated with systolic blood pressure (SBP: upper) and poorly correlated with dias-
tolic blood pressure (DBP: lower).
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AP group and normal coronary group (1,674±426 vs.
1,645±347 cm/s) (Fig. 8).

Discussion

Both CAVI and baPWV are noninvasive methods for to esti-
mating arterial stiffness, and in the present study both were
shown to be significantly correlated with age (r=0.64,
p<0.01 for CAVI, r=0.48, p<0.01 for baPWV). These
parameters were also significantly correlated with each other
in this study (r=0.64, p<0.01). However, the difference in
clinical usefulness between CAVI and baPWV has not been
fully discussed before. Therefore, in this study, we investi-
gated the differences in efficacy between CAVI and baPWV
as indicators of arterial stiffness.

PWV is a useful approach for diagnosing arteriosclerosis in
any part of the body. It has been reported that baPWV is a pre-
dictor of prognosis of the patients with cardiovascular disease

and a marker of severity of atherosclerotic vascular damage.
A high baPWV could be a quantitative risk for microalbumin-
uria in patients with essential hypertension. A 200 cm/s
increase in baPWV has been shown to increase the risk of
microalbuminuria by about 19% (19). However, PWV is
strongly influenced by BP and is increased by obesity, high
fasting glucose level, and metabolic syndrome (20).

CAVI is a new index of arterial stiffness that is independent
of BP. It has been reported that CAVI is associated with age
and SBP but not with DBP in dialysis patients and type 2 dia-
betes patients, respectively (14, 21). CAVI was not related to
SBP and DBP in this study. However, both SBP and DBP sig-
nificantly correlated to baPWV (SBP: r=0.47, p<0.01; DBP:
r=0.22, p<0.02). These findings suggested that CAVI was
superior to baPWV as an index of arterial stiffness.

CU-detected IMT and PS of the carotid artery have been
shown to be markers of arteriosclerosis for the whole body. In
particular, it has been reported that a thickened IMT of the

Fig. 4. Both CAVI and baPWV were significantly correlated with IMT (upper) and β (lower).
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carotid artery is a good indicator of severe symptomatic coro-
nary artery disease (22). PS is related to the progression of
coronary artery disease. The stiffness index β, which repre-
sents the mechanical properties of the arterial wall, is calcu-
lated from the relationship between systemic BP and the
diameter of the artery. Hirai et al. reported that the importance
of carotid aortic distensibility (β) as a prognostic indicator of
the extent of the coronary artery disease (18).

Several studies have demonstrated that arterial stiffness as
assessed by PWV correlates well with IMT and PS detected
by CU. However, the correlation is not close (23). Therefore
in this study, we compared CAVI and baPWV with two
parameters of arteriosclerosis such as IMT and β. We
observed significant correlations between CAVI and IMT
(r=0.40, p<0.01), and between CAVI and β (r=0.36,
p<0.01). On the other hands, baPWV had poor correlation to
IMT (r=0.31, p<0.01) and β (r=0.25, p<0.01). These
parameters suggested that CAVI was superior to baPWV as a
marker of arterial stiffness.

Generally, LV diastolic dysfunction is characterized by
decreases in E velocity, prolongation of the deceleration time
of E, and increases in A velocity. High BP for a long time
induced LV hypertrophy (LVH) and diastolic dysfunction.
baPWV is influenced by BP. We therefore hypothesized that
there might be a good correlation between baPWV (but not
CAVI) and LV diastolic function. However, the actual result
showed the opposite. One reason for this may have been that
many patients in this study did not have very severe hyperten-
sion or LVH. In addition, echocardiographic diastolic param-
eters such as E /A and EDCT are influenced by age. Both
CAVI and baPWV were correlated with age in this study
(r=0.64, p<0.01 for CAVI and r=0.48, p<0.01 for baPWV;
Fig. 3). This may have been another reason that CAVI was
correlated with LV diastolic function.

LDL-C is also a major risk factor for coronary artery dis-
ease and the National Cholesterol Education Program
(NCEP) recommends that patients with ischemic heart dis-
ease receive drug therapy to lower their LDL-C. CAVI was

Fig. 5. Not baPWV but CAVI has significant correlation to E/A (upper) and EDCT (lower).
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correlated with LDL-cholesterol and T-C/HDL-C in this
study. A possible reason for this was that 39 patients (30% of

all subjects) were taking statins. The clinical benefit of the
statins for the primary and secondary prevention of cardiovas-
cular complications of advanced atherosclerosis, especially
coronary artery disease, is being tested in several large clini-
cal trials (24). By lowering T-C and LDL-C, CAVI might also
be decreased.

Shirai et al. reported that CAVI in patients undergoing per-
cutaneous transluminal coronary angioplasty or in patients
showing ischemic changes in their electrocardiogram was
higher than that in patients without arteriosclerotic disease
(14). Similarly, another investigator proposed that aortic-fem-
oral PWV was feasible and useful for detection of atheroscle-
rotic coronary disease (25). Our data suggested that 86
patients with significant coronary arterial disease had a higher
value of CAVI than the normal group (9.708±1.423 vs.
9.102±1.412, p=0.0178). However, we could not distinguish
patients with intact coronary arteries from patients with sig-
nificant coronary stenosis by baPWV. The mean value of
baPWV in our study was 1,676±389 cm/s. This value was not

Fig. 6. Not baPWV but CAVI has a poor correlation to LDL-C (upper) and T-C/HDL-C (lower).
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particularly high. In this study, 80% of 86 patients had single-
vessel disease. If multi-vessel disease had been more predom-
inant in this study, baPWV might have distinguished patients
with intact coronary from patients with significant coronary
stenosis. This is, because arteriosclerosis of the coronary
artery is influenced by many factors, such as age, lipids, dia-
betes mellitus (DM), hypertension, smoking and so on.

On the other hands, there was a poor correlation between
CAVI and TSS. Generally, age, lipids and DM are major cor-
onary risk factors. In our study, these factors showed a greater
association with CAVI than with baPWV. This may have
been one reason that CAVI, but not baPWV, was poorly cor-
related with TSS.

In summary, our data suggested that CAVI reflected arte-
riosclerosis and was superior to baPWV as an index of arterial
stiffness.
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