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Abstract

Background: Arterial stiffness is an independent predictor of outcomes for patients with car-
diovascular disease. Although measurement of pulse wave velocity is a widely accepted, non-
invasive approach for the assessment of arterial stiffness, its accuracy is affected by changes
in blood pressure. Summary: The cardio-ankle vascular index (CAVI) is an index of the overall
stiffness of the artery from the origin of the aorta to the ankle and is theoretically indepen-
dent of blood pressure at the time of measurement. CAVI increases linearly with age and is
elevated even in mild arteriosclerotic disease. It can identify differences in the degree of ar-
teriosclerosis among patients with severe arteriosclerotic disease and better reflects the se-
verity of disease of the coronary artery than does brachial-ankle pulse wave velocity. Patients
with higher CAVI values show a poor prognosis compared with those with lower CAVI values.
Furthermore, CAVI can be lowered by controlling diabetes mellitus and hypertension. Key
Messages: The primary aims of assessing arterial stiffness using CAVI are to assist in the ear-
ly detection of arteriosclerosis, allowing timely treatment and lifestyle modification, and to
quantitatively evaluate the progression of disease and the effectiveness of treatment. Wheth-
er CAVI-guided therapy can improve prognosis in high-risk patients needs to be further ex-
amined to confirm the clinical usefulness of this measure. © 2016 S. Karger AG, Basel

Background

With the aging of society and the adoption of westernized lifestyles, a substantial number
of patients are developing arteriosclerosis, which can, in turn, lead to cardiovascular events.
These adverse events not only affect the quality of life but may also lead to a poor outcome.

Toru Miyoshi, MD

Department of Cardiovascular Medicine, Okayama University
Graduate School of Medicine, Dentistry, and Pharmaceutical Sciences
2-5-1 Shikata-cho, Kita-ku, Okayama 700-8558 (Japan)

E-Mail miyoshit @ cc.okayama-u.ac.jp

KARGER



N Pulse 2016;4:11-23
Pulse

DOI: 10.1159/000445214 © 2016 S. Karger AG, Basel
www.karger.com/pls

Miyoshi and Ito: Assessment of Arterial Stiffness Using the Cardio-Ankle Vascular Index

8= (5 )(ap) -

Color version available online

Inclination is B
e —~
> g
g * >

7_5 In(Ps/Pd)  pressure)

Ds
(Ds-Dd)/Dd (strain)
0 | ] | |
(Ds-Dd)/Dd (0s-Dd)/pd = AD/D

Fig. 1. Pressure-diameter curve of an artery, and definition of stiffness parameter 3 [10].

Previous studies aimed at predicting cardiovascular events have focused on identifying
biomarkers: a simple and noninvasive indicator for monitoring vascular lesions would be a
powerful tool for lifestyle improvement. Among the biomarkers reported to date, arterial
stiffness is associated with atherosclerotic risk factors and is regarded as a surrogate marker
for the development of cardiovascular disease [1, 2].

Pulse wave velocity (PWV) is used as a noninvasive index of arterial stiffness and is
reported to predict cardiovascular events [3]. The use of carotid-femoral PWV (cfPWV) is
widely accepted, but complicated techniques are required to obtain an accurate pulse wave
[4]. cfPWV is also affected by blood pressure, an important confounding factor for cardiovas-
cular disease [5]. Heart-femoral PWV (hfPWV) is an alternative measure of arterial stiffness,
and the index is adjusted for blood pressure [6, 7]. This method is based on the correction of
blood pressure, using a fixed diastolic pressure of 80 mm Hg to reduce the influence of blood
pressure [6, 7]. hfPWV is expressed by the following equation:

RPWV = (L x 1.3)/(t + tc),

where L is the distance between the right edge of the sternum at the second intercostal space
and the site of femoral pulsation, t is the time interval between the rise of the carotid pulse
wave and the rise of the femoral pulse wave, tc is the time interval between the second heart
sound (S2) and the notch of the carotid pulse wave, and the constant 1.3 is the anatomical
correction value given by Nye [5]. The clinical significance of hfPWV has been confirmed [8,
9], but its measurement requires a high level of proficiency to obtain accurate results.

Another measure of arterial stiffness, the stiffness parameter 3, can be described by the
following equation:

Stiffness parameter 8 = In(Ps/Pd) x D/AD,

where Ps is the maximum (systolic) blood pressure, Pd is the minimum (diastolic) blood
pressure, D is the diameter of the artery, and AD is the change in arterial diameter caused by the
difference in blood pressure [10] (fig. 1). Because this stiffness parameter 8 represents the loga-
rithmic change in blood pressure required to increase the arterial diameter, it is relatively inde-
pendent of blood pressure. However, this stiffness parameter is difficult to evaluate in practice,
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Fig. 2. Principle of CAVI measurement [11]. 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 = t;, + tp,. Blood pressure is measured at
the brachial artery. T = Time taken from the pulse pressure wave to propagate from the aortic valve to the
ankle; t,, = time between the rise of brachial pulse wave and the rise of the ankle pulse wave; t,, = time be-
tween the aortic valve closing sound and the notch of the brachial pulse wave; t',, = time between the aortic
valve opening sound and the rise of the brachial pulse wave.

because it is obtained by assessing only a local segment of the artery and it needs simultaneous,
high-fidelity assessment of both pressure and diameter changes in a given artery [10].

In 2004, a new arterial stiffness index, the cardio-ankle vascular index (CAVI), was
developed by combining two indices [11]: the stiffness parameter  [12] and the Bramwell-
Hill formula [13]. CAVI is capable of quantitatively evaluating vascular wall stiffness in the
aorta, femoral arteries, and tibial artery by measuring hfPWV and blood pressure [11]. It has
been shown to have a weaker correlation with systolic blood pressure and better reproduc-
ibility than brachial-ankle PWV (baPWV) [11, 14, 15]. It has also been reported that CAVI
correlates with other cardiovascular risk markers, such as intimal-medial thickening and
coronary atherosclerosis [16].

Technical Aspects

The Principle of CAVI

CAVI is calculated using the heart-ankle PWV from the origin of the aortic valve to the
ankle region and blood pressure measured at the upper arm (fig. 2). The Bramwell-Hill
formula is used, which represents the relationship between PWV and change in volume [13],
and is derived from the stiffness parameter 3 first proposed by Hayashi et al. [10]. CAVI is
calculated as follows:

CAVI = a[(2p/AP) x In(Ps/Pd) x PWV?] + b, (equation 1)
where Ps is systolic blood pressure, Pd is diastolic blood pressure, PWV is the pulse wave
velocity from the aortic origin to the ankle region via the femoral artery, AP is Ps — Pd, p is
blood density of 1.05 g/ml, and a and b are constants for converting a CAVI value into a value

obtained by Hasegawa’s method [6, 7]. The formula for the stiffness parameter 3 includes D/
AD, which can be obtained by modifying the Bramwell-Hill formula [13]:

PWV?=AP/p x V/AV, (equation 2)
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where AP is pulse pressure, V is blood vessel volume, AV is the change in V, and p is blood
density. V/AV can be expressed by D and AD, as shown below:

V/AV = (nL(D/2)%)/[nL((D + AD)/2)? - mL(D/2)?]
= D2/(D? + 2DAD + AD? - D?)
= D2/(2DAD + AD?).

Because AD? is negligible compared with 2DAD, the equation thus becomes

V/AV ~D?/2D x AD = D/2AD. (equation 3)
Therefore, V/AV in equation 2 can be replaced by D/2AD. Equation 2 becomes

PWV?=AP/p x V/AV = AP/p x D/2AD,
which can be rearranged as follows:

D/AD = 2p/AP x PWV?Z, (equation 4)

Therefore, the new B value can be obtained by substituting equation 4 in the stiffness
parameter 3 equation, as shown below:

B =In(Ps/Pd) x (D/AD)
=In(Ps/Pd) x 2p/AP x PWV?. (equation 1)

The new equation for the stiffness parameter § obtained in this manner reflects the overall
stiffness of the aorta, femoral arteries, and tibial artery. Therefore, the equation is named the
‘CAVTI'. Theoretically, CAVI is independent of blood pressure and essentially reflects the
stiffness parameter 3 based on this principle.

Devices for Measuring CAVI

CAVI is calculated automatically using the VaSera VS-Series Vascular Screening System
(Fukuda Denshi, Tokyo, Japan). Measurement of CAVI requires placement of ECG electrodes
on both wrists and a microphone for phonocardiography on the sternum in the second inter-
costal space, and four blood pressure cuffs are wrapped around the four extremities. In this
manner, the upper arm and ankle pulse waves, as well as blood pressure, can all be measured
using plethysmography. This obviates some of the problems related to the sites for
measurement (i.e., femoral attachmentin cfPWVandlocal evaluation of the stiffness parameter
B) and provides overall arterial stiffness from the heart to the ankle. This method also simul-
taneously measures the ankle-brachial index, another physiological measure of vascular
health. Devices for measuring CAVI are compact and portable, and their operation is relatively
simple. Measurement of CAVI only takes less than 10 min at the resting state for one test. The
CAVImeasurement device is widely used in the clinical setting (more than 15,000 units placed
in hospitals, clinics/GPs, and health centers) especially in Japan because of its ease of use and
reproducibility, as it is less dependent on blood pressure. It was reported that 1,350 units
were distributed in 2014 in Japan (distribution of 600 units of the baPWV measurement
device in the same year was reported; https://www.yanoresearch.com/market_reports/
C€57111000).

Measurement Method of CAVI and Reproducibility

The precision of pulse wave measurement is important. In particular, determination of
the point representing the foot of the pulse wave is crucial for diagnostic accuracy. The VaSera
device uses the amplitude adaptive tangent method to detect the foot of the pulse wave.
Yambe etal. [17] compared the accuracies of eight different methods, including the amplitude
adaptive tangent method. They examined 1,902 patients in clinical practice and 21 consec-
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utive patients who were measured by experienced technicians, and the data were analyzed
for comparison of standard deviations. They found a relatively small variability for the
amplitude adaptive tangent method. Moreover, among the 4 patients who had large vari-
ability, the amplitude adaptive tangent method generated the smallest standard deviation for
3 of them.

PWYV from the heart to the ankle is obtained by measuring the length from the aorta to
the ankle and the time taken for the pulse wave to propagate from the aortic valve to the
ankle. Vascular length L between the heart valve and ankle artery is indirectly calculated from
the individual height of the patient using the following formula:

L =0.77685 x height — 1.7536 (cm)

Suzuki and Ishizuka [18] reported that CAVI obtained by height conversion has sufficient
accuracy. The estimated vessel length significantly correlated (r = 0.877) with the actually
measured vessel length. Moreover, CAVI determined using the vessel length obtained by the
abovementioned height conversion correlated with CAVI determined using the actually
measured vessel length (r = 0.984).

The coefficients of variation of CAVI are relatively small. With regard to the repeatability of
measurements, Li et al. [19] reported a 3.2% difference between two measurements in a study
of 70 people. With regard to intraobserver reproducibility at different times, Shirai et al. [11]
reported a variability of 3.8% in a study of 22 patients, Kumagai et al. [20] reported a variability
of 2.8% in a study of 25 patients, Li et al. [19] reported a variability of 2.9% in a study of 7
patients, and Lim et al. [21] reported a variability of 3.4% in a study of 50 patients. With regard
to interobserver reproducibility with different operators, Lim et al. [21] reported a variability
0f2.4% in a study of 50 patients. Kubozono et al. [14] also reported good reproducibility of CAVI
measurements as determined by Bland-Altman plot analysis. In clinical practice, for some
patients, performing highly accurate measurements or diagnoses is not always feasible in an
ideal environment. Therefore, consistent measurement results can be obtained using CAVI.

Comparison of CAVI with Aortic Stiffness

Takaki et al. [22] studied the relationship between CAVI and the stiffness parameter (3.
They showed that CAVI was correlated with the stiffness parameter 8 in the descending
thoracic aorta (r = 0.67, p < 0.01) by transesophageal echocardiography (fig. 3). Horinaka et
al. [23] reported that CAVI was correlated with the stiffness parameter 3 in the ascending and
descending thoracic aortas as calculated from ECG-gated multidetector row computed tomog-
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Fig. 4. Effect of metoprolol on CAVI, baPWYV, blood pressure, and heart rate [26]. * p < 0.05, ** p < 0.01 vs.
baseline value.

raphy. Recently, Schillaci et al. [24] reported a significant association between CAVI and
cfPWV, and that CAVI may have a relationship to left ventricular structure and function that
is independent of blood pressure levels. These findings support the potential role for CAVI as
part of an integrated approach for evaluating central arterial stiffness in the aorta, even if it
is a different physiological parameter from cfPWV.

Effect of Blood Pressure on CAVI Measurement

Several clinical and experimental studies have shown that CAVI is independent of blood
pressure at the time of measurement, unlike PWV [11, 14, 16, 22, 25, 26]. In terms of effects
of blood pressure, acute and chronic effects of high blood pressure on arterial stiffness should
be considered differently. Lim et al. [21] reported the impact of blood pressure perturbations
on arterial stiffness using physiological and psychological interventions, and both the stiffness
parameter 3 and CAVI were somewhat dependent on blood pressure changes. An interpre-
tation of this result should be cautious, because of the difficulty of eliminating the autonomic
nerve effect. An experimental comparative study examined the acute effect of several blood
pressure-modifying drugs, such as the 3;-adrenoceptor blocker metoprolol [26]. CAVI and
baPWV were measured every hour for 6 h after administering the drugs. In the metoprolol
group, mean systolic blood pressure decreased from 131.4 to 118.3 mm Hg (p < 0.05) and
mean diastolic blood pressure decreased from 85.3 to 75.3 mm Hg (p < 0.05). baPWV also
decreased from 13.9to 12.5 m/s (p < 0.05) after drug treatment, whereas CAVI did not change
(from 8.2 to 8.2, p = 0.45). Similar results showing CAVI independent of blood pressure were
also found after treatment with the a;-adrenoceptor blocker doxazosin (fig. 4).

Reference Values for CAVI by Age and Sex

To determine the reference values for CAVI, a large-scale study was conducted in Japan in
healthy individuals free of cardiovascular disease [27]. In men, CAVI linearly increased with age,
from 20 to 70 years. CAVI in men was higher than that in women for almost all age groups, but
men and women showed a similar rate of increase in CAVI of approximately 0.5 per year (fig. 5).
As CAVl is derived from hfPWYV, the clinical threshold of 9.0 is used based on the evidence using
hfPWV. The implications of CAVI for predicting cardiovascular disease are discussed below.
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Clinical Applications of CAVI

The utility of CAVI in clinical medicine is currently under investigation by many
researchers worldwide. The number of published papers on CAVI is increasing yearly and
reached more than 300 in September 2015; more than 100 articles were written by non-
Japanese investigators. Horinaka et al. [28] reported that CAVI increases as the number of
coronary vessels with stenosis (>75%) increases (fig. 6). Moreover, using receiver operating
characteristic curves, they reported that the diagnostic accuracy of CAVI for coronary artery
disease was significantly higher than that of baPWV. They concluded that CAVI showed better
performance than baPWV in predicting coronary artery disease. The cutoff point for CAVI for
the presence of coronary stenosis was 8.81 in patients with suspected ischemic coronary
artery disease [29]. Yingchoncharoen et al. [30] reported that the incremental C-statistic
value of CAVI was 0.13 for predicting coronary artery disease compared with the traditional
risk score. Several studies have shown a relationship between CAVI and carotid arterioscle-
rosis as observed with ultrasonography. Izuhara et al. [31] reported that CAVI is strongly
correlated with intima-media thickness, with a much stronger correlation with plaque score.
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The combination of CAVI and intima-media thickness might be a significant predictor of
cerebral thrombosis in patients with severe atherosclerosis.

CAVlis high in patients with cerebral infarction. Suzuki et al. [32] found that the average
CAVI in patients with transient ischemic attack, white matter ischemic lesions, large artery
atherosclerosis, and small vessel occlusion was 9.3 +1.5,10.3 £1.3,10.2 + 1.2,and 10.0 = 1.6,
respectively. Choi et al. [33] reported that CAVI reflects cerebral small vessel diseases in
healthy young and middle-aged individuals.

High elasticity of the arterial wall reduces the load of the left ventricle. Miyoshi et al. [34]
demonstrated that CAVI is associated with left ventricular diastolic function. Schillaci et al.
[24] reported an association between CAVI and left ventricular mass. Zhang et al. [35]
measured CAVI during therapy of congestive heart failure patients. They found that CAVI
was decreased during therapy, and improvement of heart function, such as ejection fraction,
was strongly correlated with CAVI. These resultsindicate that there is a relationship between
left ventricular function and vascular function as indicated by CAVI. In addition, CAVI was
reported to be increased in patients with paroxysmal atrial fibrillation compared with the
control population [36]. This finding suggests that an increase in arterial stiffness leads to
left ventricular hypertrophy and elevated filling pressure and results in left atrial remod-
eling.

The renin-angiotensin-aldosterone system is an important regulator of blood pressure.
There are several studies on the effects of angiotensin Il receptor antagonists on CAVI. Telmi-
sartan decreases CAVI[37],and candesartan reduces CAVImore than telmisartan and losartan
[38]. Bokuda et al. [39] studied the effects of candesartan compared with calcium channel
blockers (CCBs). They showed that blood pressure was significantly decreased in both groups
at the same rates. However, candesartan, but not CCBs, significantly reduced CAVI. Miyashita
et al. [40] also reported that olmesartan, but not amlodipine, significantly decreased CAVI,
even though the decrease in blood pressure was similar between the drugs. For treatment of
hypertension, angiotensin II receptor antagonists or angiotensin-converting enzyme inhib-
itors have better effects on the outcomes of cardiovascular disease than do CCBs [41]. Inter-
estingly, angiotensin II receptor antagonists are superior to CCBs in long-term prospective
studies compared with short-term studies using CAVI.

In addition to the cholesterol-lowering effects of statins, they have the effect of reducing
oxidative stress, which has also been examined using CAVI [42]. 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, HbA;. =
6.9%) [42]. After pitavastatin treatment, significant decreases in mean levels of serum low-
density lipoprotein cholesterol (LDL-C; from 166 to 127 mg/dl, p < 0.01), MDA-LDL, a marker
of oxidatively modified LDL (from 170 to 114 U/], p < 0.01), and CAVI (from 9.54 to 8.91, p <
0.05) were observed. Further correlation analysis showed that the change in CAVI was signif-
icantly and positively correlated with that of MDA-LDL (r = 0.55, p < 0.05), but not with that
of LDL-C, during pre- and posttreatment periods.

With regard to the prognostic value of CAVI, a few studies have reported its relationship
to future cardiovascular events. Kubota et al. [43] reported that a group with CAVI over 10
showed a high incidence of heart disease and cerebrovascular accidents within 3 years (fig. 7).
Otsuka et al. [44] investigated the association between changes in CAVI following an inter-
vention and the incidence of long-term cardiovascular events. They set the normal CAVI
based on the CAVI of healthy adults and registered 211 coronary artery disease patients with
impaired CAVI. CAVI was improved in 106 patients (50%) but notin 105 patients (50%). The
incidence of long-term cardiovascular events was significantly higher in the unimproved
group than in the improved group [44]. Satoh-Asahara et al. [45] studied 425 obese patients
over a 5-year follow-up. In an analysis of models adjusted for traditional risk factors, CAVI
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was a significant risk factor for the incidence of events. CAVI added value to the atheroscle-
rotic cardiovascular disease risk score in predicting the development of cardiovascular
disease [45]. Laucevicius et al. [46] investigated the association of CAVI with cardiovascular
risk factors and events in 2,106 middle-aged metabolic syndrome patients without overt
atherosclerotic disease. In the 3.8 years of follow-up, CAVI was significantly associated with
occurrence of total cardiovascular events (p = 0.045). In Japan, the CAVI-] study (‘Prospective
study of the cardio-ankle vascular index as a predictive factor for cardiovascular events’) was
launched to conduct a multicenter, 5-year, prospective study of CAVI. This study aims to
examine the additional benefits from using CAVI as a predictive indicator of cardiovascular
events in 3,000 high-risk patients (ClinicalTrials.gov identifier: NCT01859897). The CAVI-]
study is expected to determine whether CAVI has additional value over the risk score. This
study also aims to determine whether the ‘Framingham-CAVI score’, which is a combination
of the Framingham risk score and CAV], is superior to conventional risk scores. We expect
that the clinical usefulness of CAVI measurements in general practice will be established by
these prospective studies.

Prospective View

In recent years, CAVI has been studied by many researchers around the world and is
highly anticipated to play a role as a predictive factor for arteriosclerotic diseases [16, 32].
Such studies have shown that CAVI increases in the presence of cerebrovascular disease,
dementia, cardiovascular disease, nephrosclerosis, and vasculitis. It also increases with
hypertension, hyperlipidemia, and lifestyle-related diseases including diabetes mellitus,
smoking, sleep apnea syndrome, stress, and obesity, which are considered risk factors for
arteriosclerosis [20, 25, 28, 29, 32, 34, 40, 42, 47-55]. The American Heart Association
published a scientific statement of ‘Recommendations for improving and standardizing
vascular research on arterial stiffness’. CAVI received a rating of ‘Class I, Level of Evidence B’,
even though longitudinal studies in the USA and Europe are lacking. The American Heart
Association also mentioned that the reproducibility of VaSera, as determined by Bland-
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Table 1. Comparison of each arterial stiffness measurement method

cfPWV baPWV heart-ankle PWV  CAVI Stiffness
parameter 3

Physical PWV PWV PWV Stiffness Stiffness

variable (dependent) (dependent) (dependent) (less dependent)  (less

(blood dependent)

pressure

influence)

Sensor Applanation Plethysmography Plethysmography Plethysmography Ultrasound
tonometry cuff cuff cuff

Measured Segment Segment Segment Segment Local

arteries

Carotid O o

Ascending o O

Descending O O O O

Abdominal O O O O ()

Femoral ©) O ©) O ([

Ankle O O O

Brachial O

Altman plot analysis, is good [56]. As described in section Clinical Applications of CAVI, many
longitudinal studies are ongoing around the world. These results will show evidence of the
prospective value of CAVI, and meta-analysis may be performed to obtain a higher level of
evidence.

CAVI is a noninvasive indicator of arterial stiffness. The main advantages of CAVI over
other procedures for measuring arterial stiffness are as follows: (1) blood pressure indepen-
dence of arterial elasticity; (2) inclusion of the ascending aorta in the area of measurement,
and (3) relative simplicity and low cost. With regard to the first advantage, we can assess each
patient’s arterial properties by dividing into blood pressure and arterial stiffness. This enables
detailed monitoring of arterial stiffness (ACAVI) and blood pressure (ABP) in each patient in
daily practice. The second advantage means this measure of arterial function may have a
closer relationship to cardiac function. The relationship between left ventricular function and
CAVI suggests that CAVI is an adequate marker of vascular function as a Windkessel. With
regard to the third advantage of the usability of CAVI in clinical situations, 15,000 units of the
VaSera device, which measures CAVI], have already been installed worldwide, mainly in Asia.
However, we need to further examine whether CAVI-guided therapy can improve outcomes
in high-risk patients to confirm the clinical usefulness of this measure.

Table 1 shows a comparison of each arterial measurement method. For measuring aortic
stiffness, PWV, the time taken for the pressure pulse to travel between two points, is used as
the current gold standard. However, PWV is not a direct measure of stiffness but a measure
of the speed of the pressure pulse, which is related to stiffness and is influenced by pressure.
As an alternative, CAVI was developed as a more direct measure of stiffness, and it provides
a ‘pressure-independent’ assessment of arterial stiffness at the time of measurement and of
the effect of treatment. Studies are currently underway to evaluate the clinical utility of CAVI.

In conclusion, CAVI reflects arterial stiffness from the origin of the aorta to the tibial
artery at the ankle. CAVI is based on the theory of the stiffness parameter 3 and provides a
detailed assessment that is divided into arterial stiffness and blood pressure. Other arterial
stiffness markers, such as PWV and the stiffness parameter f3 itself, are also effective in the
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clinical situation. Each method for determining arterial stiffness should be used with an
understanding of the theory underlying each method, features, and positioning to achieve
better patient care and prevent cardiovascular events.
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