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Abstract
Arterial stiffness is a surrogate indicator for the development of cardiovascular disease. The cardio-ankle 

vascular index (CAVI) is a recently developed clinical metric for evaluating arterial stiffness. Two characteristics of 
CAVI, which makes it amenable for widespread use, is its simplicity of measurement and the fact that it is relatively 
independent of blood pressure. Several recent clinical studies have shown the possible utility of CAVI for identifying 
patients at high risk for cardiovascular disease and for monitoring treatment effectiveness in lipid clinics.
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A History of Arterial Stiffness Evaluation
Arterial stiffness is associated with atherosclerotic risk factors 

and is considered to be a surrogate marker for the development of 
cardiovascular disease [1-3]. Indeed, arterial stiffness occurs in patients 
with hypertension [4], diabetes mellitus [5], dyslipidemias [6], and 
obesity and metabolic syndrome [7-9], conditions or disease processes 
that are known to be pathophysiologically linked with cardiovascular 
disease. Based on its association with cardiovascular disease, it has been 
proposed that the evaluation and monitoring of arterial stiffness may be 
useful for determining cardiovascular disease risk and for monitoring 
therapy [10]. As will be described in this review, the cardio-ankle 
vascular index (CAVI) is a recently developed metric for evaluating 
arterial stiffness and for possibly predicting cardiovascular disease risk 
[11-13].

Several different methods have been developed for evaluating of 
arterial stiffness, such as carotid-femoral pulse wave velocity (cfPWV) 
[1-6,10], augmentation index (AI) [14], and stiffness parameter β 
[15,16]. Of these, the most commonly used indicator is the cfPW. This 
measurement, however, is affected by blood pressure, an important 
confounding variable for cardiovascular disease [17]. In addition, 
cfPWV is often overestimated because of inaccuracies in the distance 
measurement between the carotid and the femoral to measure the pulse 
wave [18].

Heart-femoral PWV (hfPWV) is an alternative measure of arterial 
stiffness, which was developed to adjust for blood pressure [19,20]. 
This method is based on the correction of blood pressure, using a fixed 
diastolic pressure of 80 mm Hg in order to reduce the influence of blood 
pressure [19,20]. The hfPWV is expressed by the following equation: 
hfPWV = (D × 1.3)/(t + tc), where ‘D’ is the distance between the 
right edge of the sternum at the second intercostal space and the site 
of femoral pulsation, ‘1.3’ is the anatomical correction value [17], ‘t’ is 
the time interval between the rise of the carotid pulse wave and the rise 
of femoral pulse wave, and ‘tc’ is the time interval between the second 
heart sound (S2) and the notch of the carotid pulse wave. The clinical 
significance of hfPWV has been confirmed [21,22] but requires a high 
level of proficiency in order to obtain accurate results.

The stiffness parameter β, another measure of arterial stiffness, can 
be described by the following equation: stiffness parameter β = ln(Ps/

Pd)×D/ΔD, where ‘Ps’ is the maximum (systolic) blood pressure, ‘Pd’ is 
the minimum (diastolic) blood pressure, ‘D’ is the diameter of the artery, 
and ‘ΔD’ is the change in arterial diameter caused by the difference 
in blood pressure [15]. Because this stiffness parameter β represents 
the logarithmic change in blood pressure required to increase arterial 
diameter, it is relatively independent of blood pressure [15]. Yet, the 
use of the stiffness parameter β remains problematic as it is obtained 
by assessing only a local segment of the artery, and it begins to lose its 
independence of blood pressure for individuals with moderate to severe 
hypertension or hypotension [15].

Basis of CAVI
To resolve the technical and practical issues of accurately 

measuring arterial stiffness, the cardio-ankle vascular index, CAVI, 
which incorporates the stiffness parameter β [11,12,23], was developed. 
Devices, such as VaSera VS-1500AU, for measuring CAVI are very 
compact and portable, and their operation is relatively simple and not 
time-consuming unlike electrocardiography (ECG). Because the CAVI 
is dependent upon the stiffness parameter β, it is relatively unaffected 
by blood pressure [11,12,23]. Another unique feature of CAVI is the 
sites used for measuring CAVI. The pulse wave in the extremities is 
measured with changes in the air volume of blood pressure cuffs placed 
on the four extremities [11,12]. This obviates some of the problems 
related to the sites for measurement (i.e. femoral attachment in hfPWV 
and local evaluation of stiffness parameter β) and provides an overall 
arterial stiffness from the heart to the ankle. It also simultaneously 
measures the ankle-brachial index, another measure physiologic 
measure of vascular health.

The CAVI measurement requires the placement of ECG electrodes 
on both wrists, and a microphone for phonocardiography on the 
sternum in the second intercostal space, and 4 blood pressure cuffs 
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wrapped around the four extremities. In this way, the upper arm and 
ankle pulse waves, as well as blood pressure, can all be measured using 
plethysmography. The coefficients of variation of CAVI are relatively 
small, typically < 4%, and does not require significant training [11].

CAVI is calculated using PWV from the aortic valve origin to the 
ankle region and blood pressure measured at the upper arm (Figure 
1). The formula for CAVI uses the Bramwell-Hill’s equation, which 
represents the relationship between PWV and volume change [24] and 
is derived from the stiffness parameter β first proposed by Hayashi et 
al. [15]. CAVI is calculated as follows: CAVI = a{(2ρ/ΔP) × ln(Ps/Pd) × 
PWV2}+ b (Equation 1), where ‘Ps’ is the systolic blood pressure, ‘Pd’ is 
the diastolic blood pressure, ‘PWV’ is the pulse-wave velocity from the 
aortic origin to the ankle region via the femoral artery, ‘ΔP’ is Ps - Pd, ‘ρ’ 
is the blood viscosity, and ‘a’ and ‘b’ are constants for converting a CAVI 
value to a value obtained by Hasegawa’s method [19,20].

The equation of the stiffness parameter β includes D/ΔD, which 
can be obtained by modifying Bramwell-Hill’s equation [24]: PWV2 
= ΔP/ρ × V/ΔV (Equation 2), where ‘ΔP’ is the pulse pressure, ‘V’ is 
the blood vessel volume, ‘ΔV’ is the change in V, and ρ is the blood 
viscosity. ‘V/ΔV’ can be expressed by ‘D’ and ‘ΔD’, as shown below: V/
ΔV = (πL(D/2)2)/[πL((D + ΔD)/2)2 - πL(D/2)2] = D2/[D2 + 2DΔD + 
ΔD2 - D2] = D2/(2DΔD + ΔD2). Because ‘ΔD2’ is negligible compared 
with ‘2DΔD’, it can be ignored. The equation thus becomes as follows: 
V/ΔV = D2/2DΔD = D/2ΔD (Equation 3). Therefore, V/ΔV in Equation 
2 can be replaced by D/2ΔD. Equation 2 becomes as follows: PWV2 
=ΔP/ρ × V/ΔV = ΔP/ρ × D/2ΔD, which can be rearranged as follows: 
D/ΔD = 2ρ/ΔP × PWV2 (Equation 4).

Thus, the new β value can be obtained by substituting Equation 4 
in the stiffness parameter β equation by the following relationship: β = 
ln(Ps/Pd)×(D/ΔD) = ln(Ps/Pd)×2ρ/ΔP×PWV2 (Equation 1). The new 
equation for the stiffness parameter β obtained in this manner reflects 
the overall stiffness from the aorta, femoral artery, and tibial artery; 

hence, the equation is named the “cardio-ankle vascular index (CAVI).” 
In theory, the CAVI has the characteristic of independence of blood 
pressure and is essentially intrinsic to the stiffness parameter β.

Evidence of Independence of Blood Pressure
Several clinical and experimental studies [11,12,25-28] have 

revealed that the CAVI is largely independent of blood pressure at 
the time of measurement, unlike PWV. For example, an experimental 
comparative study [28] was done by the studying the acute effect of 
several blood pressure modifying drugs, such as the β1-adrenoceptor 
blocker metoprolol. Both CAVI and brachial-ankle PWV (baPWV) were 
measured every hour for 6 hours after administrating the drugs. In the 
metoprolol group, mean systolic blood pressure decreased from 131.4 
to 118.3 mmHg (P<.05) and mean diastolic blood pressure decreased 
from 85.3 to 75.3 mmHg (P<.05). baPWV also decreased from 13.9 
to 12.5 m/sec (P<.05) after drug treatment, whereas CAVI did not 
change (8.2 to 8.2) (P=.45). Similar results showing the independence 
of CAVI on blood pressure were also found after treatment with the α1-
adrenoceptor blocker doxazosin (Figure 2) [28].

Statin treatment can also induce a mild blood pressure reduction 
[29] and this means that direct cholesterol-lowering effects of statins
on arterial stiffness and vascular function may be unknown if the study
groups have a significant blood pressure reduction. Therefore, CAVI is
suitable in these cases.

Reference Level of CAVI by Age and Gender
In order to determine the reference values for CAVI, a large-scale 

study was conducted in Japan in healthy individuals free of cardiovascular 
disease [30]. In men, CAVI increased almost linearly with age, from 20 to 
70 years. The CAVI level in men was higher than women for almost all 
age groups, but both men and women showed a similar rate of increase in 
CAVI of approximately 0.5 per year (Figure 3).

Electrocardiogram
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Brachial pulse

Tibial arterial pulse
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Figure 1: Principle of CAVI.
Pulse wave velocity (PWV) from the heart to the ankle is obtained by measuring 
the length from the origin of the aorta to the ankle, and by calculating T=tb+tba. 
Blood pressure is measured at the brachial artery. Ps: systolic blood pressure, 
Pd: diastolic blood pressure, ΔP: Ps-Pd, ρ: blood density, ΔP: pulse pressure, L: 
length from the origin of the aorta to the ankle, T: time taken for the pulse wave 
to propagate from the aortic valve to the ankle, tba: time between the rise of the 
brachial pulse wave and the rise of the ankle pulse wave, tb: time between aortic 
valve closing sound and the notch of brachial pulse wave, t’b: time between 
aortic valve opening sound and the rise of the brachial pulse wave.

I II
9

8

7

9

8

7

130

120

110

90

80

70

130

120

110

90

80

70
0     1    2     3     4     5     6hr0     1    2     3     4     5     6hr

80

70

60

50

90

80

70

60

16

15

14

13

12

16

15

14

13

12

Metoprolol (80mg) Doxazosin (4mg)

C
AV

I

C
AV

I

H
ea

rt 
ra

te
 (b

pm
)

H
ea

rt 
ra

te
 (b

pm
)

Pw
v 

 (m
/se

c)

Pw
v 

 (m
/se

c)

B
lo

od
 p

re
ss

ur
e 

(m
m

H
g)

B
lo

od
 p

re
ss

ur
e 

(m
m

H
g)

*P<.05, **P < .01;vs.baseline

* * *

**

* * * * * *

**

* *

**

Figure 2: Effects of β1- and α1-blockers on blood pressure, PWV and CAVI.
I: When a selective β1-adrenergic blocker, metoprolol, was administered, both 
systolic and diastolic blood pressures decrease and PWV also decreases, but 
CAVI does not change.
II: When a selective α1-aderenergic receptor blocker, doxazosin, was 
administered, both systolic and diastolic blood pressures decreased. Both PWV 
and CAVI decrease.
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A potential cut-off level of CAVI for the diagnosis of coronary heart 
disease was also determined [31]. A cut-off level of CAVI of 8.67 yielded 
a sensitivity of 66.5% and a specificity of 65.8%; thus a CAVI score of 
9.0 is commonly used for the diagnosis of cardiovascular disease. It 
will be important, however, to establish the optimum cut-off in other 
populations and given the close relationship between CAVI and age 
(Figure 3), it may be best to use age-dependent values.

Clinical Studies on Dyslipidemias using CAVI
The association between atherosclerotic risk factors, including 

dyslipidemias, and CAVI has been investigated in several studies. 
For instance, the association between lipids and CAVI has been 
investigated in cross-sectional studies. One study found that the 
CAVI score significantly correlated with the LDL-cholesterol level (r 
= 0.26, P < .05) in patients with angina [32]. The CAVI score was also 
found to be significantly increased with hypercholesterolemia and 
hypertriglyceridemia in men (of 30-69 years of age) and women (of 40-
75 years) in comparison to those without CVD risk factors [30].

Presently, there have been three intervention studies using CAVI 
for dyslipidemias. In one study, a highly purified eicosapentaenoic 
acid (EPA), an n-3 polyunsaturated fatty acid, was tested as an anti-
atherogenic treatment modality, along with CAVI [33]. In this 
randomized controlled intervention study, obese patients with 
metabolic syndrome (n=92 [men/women=39/53], mean age=51.7 
years, BMI=30.0 kg/m2, HbA1c=6.3%) were treated with EPA (1.8 g/
day) for 3 months [33]. When compared to the control group (n=46 
[men/women=19/27], mean age=52.2 years), the EPA-treated group 
(n=46 [men/women=20/26], mean age=51.3 years) showed a significant 
reduction of mean levels of triglycerides (from 237 to 177 mg/dL versus 
from 227 to 198 mg/dL in the control, P<.01), C-reactive protein (from 
1.57 to 1.16 μg/mL versus from 1.46 to 1.63 mg/dL in the control, 
P<.01) and serum amyloid A-LDL complex, a marker of inflammation 
and oxidative stress (from 48.6 to 40.4 μg/mL versus from 47.5 to 51.2 
mg/dL in the control, P<.01). In this study, the CAVI score also showed 
a modest decrease (from 7.87 to 7.59 versus from 7.76 to 7.80 in the 
control, P<.01). A multivariate linear regression analysis revealed that 
the only significant determinant for a reduction in CAVI by EPA was a 
reduction in serum amyloid A-LDL complex (β=0.38, P<.05).

Excess cholesterol absorption in the small intestine has also been 
suggested to be a risk factor of atherosclerosis. A single-arm intervention 
study investigated the effect of monotherapy of ezetimibe (10 mg/
day) for 6 months on CAVI in patients with type 2 diabetes mellitus 
(n=45 [men/women=23/17], mean age=64 years, HbA1c=6.5%) [34]. 
After ezetimibe treatment, significant decreases in mean levels of 
serum LDL-C (from 160 to 123 mg/dL, P<.01) and CAVI (from 9.17 
to 9.00, P<.05) were observed. Further sub analysis divided patients 
into the two groups that achieved the LDL-C level of < 120 mg/dL as a 
treatment goal by ezetimibe (n=15 [men/women=10/5], mean age=65 
years, HbA1c=6.7%, at-baseline LDL-C=157 mg/dL) and that did not 
achieve the LDL-C level of < 120 mg/dL (n=25 [men/women=13/12], 
mean age=63 years, HbA1c=6.3%, at-baseline LDL-C=163 mg/dL). A 
significant reduction of mean CAVI levels (from 9.52 to 9.20, P<.05) 
was observed in the group that achieved the LDL-C level of < 120 mg/
dL, but not the group that did not achieve the LDL-C level of < 120 mg/
dL (from 8.95 to 8.86). This result suggests that the group that achieved 
a greater LDL-C reduction might have excess cholesterol absorption, 
possibly leading to a high CAVI level.

In addition to their cholesterol-lowering effects, statins can have 
effects in reducing oxidative stress, which has also been examined by 
CAVI [35]. A single-arm intervention study investigated the effect of 
pitavastatin (2 mg/day) for 12 months on CAVI in patients with type 
2 diabetes mellitus (n=45 [men/women=19/26], mean age=66 years, 
HbA1c=6.9%) [35]. After pitavastatin treatment, significant decreases 
in mean levels of serum LDL-C (from 166 to 127 mg/dL, P<.01), MDA-
LDL, a marker of oxidatively modified LDL (from 170 to 114 U/L, 
P<.01), and CAVI (from 9.54 to 8.91, P<.05) were observed. Further 
correlation analysis revealed that the change of CAVI was significantly 
and positively correlated with that of MDA-LDL (r=0.55, P<.05), but 
not that of LDL-C, during a pre- and post-treatment period.

Perspectives on CAVI 
In summary, CAVI is a new non-invasive indicator of arterial 

stiffness. Its main advantages over other procedures for measuring 
arterial stiffness are its independence on blood pressure and its relative 
simplicity and low cost. As summarized in Figure 4, CAVI has been 
shown to correlate with a wide variety of factors and disease conditions 
that are known to be associated with cardiovascular disease [36]. 
Given the fact that the subjects that develop myocardial infarction 
do not always appear to be risk based on conventional markers [37], 
such as lipid and lipoprotein tests, it makes CAVI a potentially useful 
way for identifying patients at risk for cardiovascular disease and for 
possibly monitoring therapy that otherwise may be missed by current 
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Figure 3: CAVI by age and gender.
The CAVI level increases with age almost linearly from 20 to 70 years in males 
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approaches. The clinical utility, however, of measuring CAVI as a 
cardiovascular risk marker has yet to be definitively established in large 
prospective clinical trials. 
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