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Abstract: The aim of the study was to evaluate the relationships between carotid-femoral pulse

wave velocity (PVW-cf), cardio-ankle vascular index (CAVI) and CAVI0 (which is a mathematical

elaboration of CAVI, theoretically less dependent on blood pressure), age and comorbidity burden.

Furthermore, 183 patients (119 female, mean age 67.5 ± 14.3 years) referred to the Geriatric Ward

and Outpatient Clinic at Verona University Hospital were included; demographic, clinical and

blood analysis data were collected. Charlson Comorbidity Index (CCI), PVW-cf, CAVI and CAVI

0 were obtained. Significant correlations were found between CAVI, CAVI0, PVW-cf and both age

(r = 0.698, r = 0.717, r = 0.410, respectively p < 0.001 for all) and CCI, (r = 0.654; r = 0.658; r = 0.448

respectively and p < 0.001 for all), still significant after adjustment for several variables. In a stepwise

multiple regression model, considering several variables, CCI was the only predictor of PWV-cf,

whereas age and CCI were significant predictors of both CAVI and CAVI 0. In conclusion, all arterial

stiffness indexes are associated with CCI and aging; the latter correlation is more evident for CAVI

and CAVI 0 than for PVW-cf. Arterial stiffness parameters can complement the characterization of

patients affected by a remarkable comorbidity burden across aging; arterial stiffening might mirror

the complexity of these individuals.

Keywords: CAVI; CAVI0; PWV; comorbidity; aging

1. Introduction

Vascular aging is associated with arterial wall remodeling, with progressive stiffening
and reduced compliance; arterial stiffness is an independent predictor of cardiovascular
morbidity and mortality [1]. It is therefore of remarkable importance to evaluate arterial
stiffness in older individuals and in those adult patients who, owing to the presence of
vascular and metabolic comorbidities, display high cardiovascular risk. Carotid-femoral
pulse wave velocity (PVW-cf) and cardio-ankle vascular index (CAVI) are two common
and feasible techniques aimed at detecting signs of vascular stiffening. As compared to
PWV-cf, CAVI can evaluate arterial stiffness from a larger proportion of the arterial tree
and is considered less dependent on blood pressure at the time of measurement [2,3].
Thus, although pulse wave analysis is considered the gold standard technique to evaluate
vascular stiffness [4,5], CAVI can provide a more comprehensive assessment of arterial
stiffness [3]. Furthermore, in order to further relieve the dependence of CAVI by blood
pressure, in 2016 the mathematical expression of CAVI was elaborated and CAVI 0 was
then suggested [6–8], and the association between CAVI and CAVI 0 has been widely
demonstrated [9,10].

A massive number of pathological conditions have been shown to be related to in-
creased arterial stiffening. For instance, PVW-cf is known to be associated to aging [11],
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cardiovascular risk factors [1] and metabolic syndrome [12]. On the other hand, increased
CAVI is described in older subjects [13,14], in hypertensive patients [15,16], in the presence
of vascular calcification and inflammation [17], in diabetic individuals and with concomi-
tant metabolic diseases, [18,19], and in the presence of dyslipidemia [20,21]. Furthermore,
weight loss is associated with CAVI reduction [22], and a positive association is described
between CAVI and the presence of epicardial and visceral adipose tissue [23]. Increased
CAVI is a predictor of cardiovascular events [24] and it is also associated to coronary artery
disease [13], cerebral ischemia [25] and carotid arteries plaques [26].

Interestingly, although several comorbidities, as considered per se, are shown to be
related to increased stiffness, less is known about the possible effect of the comprehensive
comorbidity burden. The role of arterial stiffening in the characterization of complex
patients with relevant comorbidity burden, considered across aging, is yet to be deeply
explored; however, it may shed light on riveting pathophysiological issues. Furthermore,
particular attention should be paid to cardiovascular comorbidities and risk factors, given
their direct involvement in arterial structures. The aim of the study was to examine the
correlation between arterial stiffness indexes, comorbidities and cardiovascular risk factors
in a group of adults and older adults.

2. Materials and Methods

The study population included 183 subjects, 119 females and 64 males, hospitalized
at Geriatric Clinic of Verona University Hospital or referred to Outpatient Clinic (medical
nutrition or arterial hypertension, of any age). Exclusion criteria were: (I) limb amputation
or history of surgical treatment to aorta, carotids, or femoral arteries; (II) severe peripheral
arterial disease or proximal arterial stenosis; (III) atrial fibrillation or other major arrhyth-
mias. A detailed clinical history, with particular mention to cardiovascular diseases and
risk factors, and physical examination were recorded for each patient. To evaluate the
comorbidity burden, Charlson comorbidity Index (CCI) was calculated for each patient,
using anamnestic patient-reported data.

The study was approved by the Ethical Committee of the University of Verona. All
participants gave informed consent to be involved in the research study.

2.1. Anthropometric Variables

With the subject barefoot and wearing light indoor clothing, body weight was mea-
sured to the nearest 0.1 kg (Salus scale, Milan, Italy), and height to the nearest 0.5 cm using
a stadiometer (Salus stadiometer, Milan, Italy); whenever patients could not assume the
erect position, the last anamnestic height was recoded. BMI was calculated as body weight
adjusted by stature (kg/m2).

2.2. Blood Pressure and Arterial Stiffness Measurements

CAVI, blood pressure and heart rate were measured and mean arterial pressure (MAP)
and pulse pressure (PP) were calculated using VaSera-1000 (Fukuda-Denshi Company,
LTD, Tokyo, Japan), as per the manufacturer’s recommendations. BP cuffs were placed
simultaneously on the four limbs and inflated two by two (right and left side) to increase
the accuracy of measurements. ECG was obtained by two electrodes placed on both arms;
to obtain phonocardiography, a microphone was placed on the sternum (second rib space).
This device calculates CAVI, on the basis of the Bramwell–Hill Formula [27,28], measuring
heart-ankle PWV by the following equation:

CAVI = a ∗

(

ln
Ps

Pd
∗

PWV2
∗ 2ρ

Ps − Pd

)

+ b

where a and b are constants, ρ is considered the blood density, Ps stands for systolic blood
pressure (SBP), and Pd stands for diastolic blood pressure (DBP). By means of this device,
heart-ankle PWV (haPWV) was calculated as the ratio between aortic valve to ankle length
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(automatically derived by software) and the time T taken by pulse wave to run this distance
(T = tb + tba, tb = time from the second heart sound to the dicrotic notch at the brachial
pulse wave form, tba = time from brachial to ankle pulse waves) [29]. CAVI 0 was derived
by proper electronic calculator [30] following the formula:

CAVI 0 =
CAVI − b

a
∗

Ps
Pd

− 1

ln
(

Ps
Pd

) − ln

(

Ps

Pre f

)

and considering Pref as a standard pressure of 100 mmHg.

2.3. Pulse Wave Velocity

The pulse wave analysis was performed noninvasively using a portable device called
PulsePen (Diatecne, Milan, Italy) [31], and its software to obtain central aortic pressure
values, an assessment of arterial pulse wave contours, an estimation of reflection waves and
measurements of PWV. We previously provided a detailed description of PWA calculation,
in previous studies [12,32]; we obtained carotid-femoral PWV (PWV-cf), which is consid-
ered representative of elastic arteries [33]. As recommended by consensus documents [34],
the carotid-femoral distance was multiplied by a correction factor of 0.8.

Biochemical Analysis

Venous blood samples were obtained after the subjects fasted overnight. Plasma glu-
cose was measured with a glucose analyzer (Beckman Instruments Inc, Palo Alto, CA, USA).
Cholesterol and triacylglycerol concentrations were determined with an automated enzy-
matic method (Autoanalyzer; Technicon, Tarrytown, NY, USA). High-density-lipoprotein
(HDL) cholesterol was measured by using the method of Warnick and Albers. LDL choles-
terol was calculated using the Friedwald formula [35]. Creatinine was measured by a
modular analyzer (Roche Cobas 8000; Monza, Italy); eGFR was calculated by Cockroft–
Gault formula.

2.4. Statistical Analyses

Results are shown as mean value ± standard deviation (SD). Variables not normally
distributed were log-transformed before analysis. Pearson correlation coefficient was
used to estimate correlations between variables. Independent samples t-tests were used to
compare baseline characteristics of female and male patients. Analysis of variance (ANOVA)
was performed when comparing continuous data, after stratifying the population upon
age classes and comorbidities and to evaluate the effect of independent variables included
in regression models.

A significance threshold level of 0.05 was used throughout the study. All statistical
analyses were performed using SPSS 23.0 version for Windows (IBM, Armonk, NY, USA).

3. Results

The study population included 183 individuals, mean age 67.5 ± 14.3 years, 65%
(n = 119) female. The main characteristics of the study population are listed in Table 1.

Table 1. Main characteristics of the study population.

Total (n = 183) Male (n = 64) Female (n = 119) p Value

Age (years) 67.54 ± 14.25 70.13 ± 14.43 66.14 ± 14.02 0.075
Body weight (kg) 77.06 ± 18.01 81.30 ± 18.90 74.78 ± 17.17 0.023

BMI (kg/m2) 28.92 ± 5.85 27.77 ± 5.65 29.54 ± 5.88 0.048
Glucose level (mg/dL) 100.08 ± 26.26 104.74 ± 30.95 97.41 ± 22.89 0.104
Total Cholesterol (mg/dL) 179.43 ± 46.92 164.16 ± 46.19 187.74 ± 45.39 0.001
HDL Cholesterol (mg/dL) 50.81 ± 17.02 46.75 ± 16.18 52.95 ± 17.14 0.02
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Table 1. Cont.

Total (n = 183) Male (n = 64) Female (n = 119) p Value

LDL Cholesterol (mg/dL) 105.23 ± 40.80 93.38 ± 40.26 111.43 ± 39.88 0.007
Triglycerides (mg/dL) 132.35 ± 67.13 132.84 ± 71.81 132.07 ± 64.68 0.944
Creatinine (mg/dl) 0.95 ± 0.44 1.09 ± 0.52 0.87 ± 0.36 0.001

GFR (ml/min/1.73 m2) 83.59 ± 36.90 85.15 ± 44.14 82.74 ± 32.52 0.675
SBP (mmHg) 138.84 ± 17.09 134.83 ± 16.40 140.99 ± 17.13 0.018
DBP (mmHg) 81.22 ± 10.85 80.81 ± 12.83 81.44 ± 9.67 0.711
PP (mmHg) 57.72 ± 13.940 53.86 ± 11.48 59.79 ± 14.73 0.003
MAP (mmHg) 110.03 ± 12.58 107.82 ± 13.54 111.21 ± 11.93 0.095
CAVI 8.92 ± 2.09 9.58 ± 2.23 8.56 ± 1.94 0.003
CAVI 0 14.93 ±6.16 16.20 ± 6.48 14.24 ± 5.89 0.047
PWV-cf (m/s) 9.58 ± 4.36 9.39 ± 3.45 9.69 ± 4.79 0.636
Number of diseases 5.42 ± 2.41 5.45 ± 2.34 5.39 ± 2.45 0.875
CCI 3.30 ± 2.24 3.72 ± 2.31 3.07 ± 2.18 0.066

BMI: body mass index, HDL: high density lipoprotein; LDL: low density lipoprotein; GFR: glomerular filtra-
tion rate; SBP: systolic blood pressure; DBP: diastolic blood pressure; PP: pulse pressure; MAP: mean arterial
pressure; CAVI: cardio-ankle vascular index; PWV-cf: pulse wave velocity carotid-femoral; CCI: Charlson
Comorbidity Index.

3.1. Univariate Analysis

As shown by univariate analysis (Table 2), all arterial stiffness indexes display a
positive relationship with age (CAVI r = 0.698, CAVI 0 r = 0.717, PVW-cf r 0.410, p < 0.001
for all of them). Furthermore, CAVI, CAVI 0 and PVW-cf resulted correlated to higher
comorbidities, as measured by CCI (CAVI r = 0.654, p < 0.001; CAVI 0 r = 0.658, p < 0.001;
PWV r = 0.448 and p < 0.001). Both CAVI and CAVI 0 showed a significant inverse relation
with DBP (r = −0.296 and r = −0.389, respectively, p < 0.001 for both), MAP (r = −0.209,
p = 0.005 and r = −0.274, p < 0.001, respectively) and a positive relation with PP (r = 0.165,
p = 0.025 and r = 0.219, p = 0.003, respectively).

Table 2. Univariate Correlations between CAVI, CAVI0, PWV-cf and the main clinical variables.

CAVI CAVI 0 PWV-cf

Age 0.698 *** 0.717 *** 0.410 **
Glucose level 0.166 * 0.166 * 0.152

Total Cholesterol −0.446 *** −0.430 *** −0.203 **
HDL Cholesterol −0.187 * −0.213 ** −0.173 *
LDL Cholesterol −0.474 *** −0.479 *** −0.237 **

Triglycerides 0.036 0.070 0.139
GFR −0.535 *** −0.521 *** −0.213 **
CCI 0.654 *** 0.658 *** 0.448 ***
SBP −0.060 −0.074 −0.017
DBP −0.296 *** −0.389 *** −0.146 **
MAP −0.209 ** −0.274 *** −0.097

PP 0.165 * 0.219 ** 0.108
CAVI 1 0.955 *** 0.430 ***

CAVI 0 0.955 *** 1 0.438 ***
PWV-cf 0.430 *** 0.438 *** 1

* p < 0.05, ** p < 0.01, *** p < 0.001. HDL: high density lipoprotein; LDL: low density lipoprotein; GFR: glomerular
filtration rate; CCI: Charlson Comorbidity Index; SBP: systolic blood pressure; DBP: diastolic blood pressure;
MAP: mean arterial pressure; PP: pulse pressure; CAVI: cardio-ankle vascular index; PWV-cf: pulse wave velocity
carotid-femoral.

Moreover, CAVI 0 is directly correlated to CAVI (r = 0.955, p < 0.001) and both CAVI
and CAVI 0 relate to PVW-cf (r = 0.430 and r = 0.438 respectively, p < 0.001 for both).
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3.2. Subgroup Analysis: Cardiovascular Comorbidities and Risk Factors

As outlined by subgroup analyses, patients with hypertension diagnosis, as compared
to patients without, had increased arterial stiffness indexes (mean PWV-cf 10.05 ± 4.67
vs. 8.63 ± 3.36, p = 0.017; mean CAVI 9.25 ± 2.13 vs. 8.19 ± 1.85, p = 0.001; mean CAVI
0 15.82 ± 6.57 vs. 12.95 ± 4.58, p = 0.003). Mean CAVI, CAVI 0 and PVW-cf were also
increased in diabetic patients, when compared to normoglycemic subjects (mean PWV-cf
12.53 ± 5.42 vs. 9.013 ± 3.96, p < 0.001; mean CAVI 10.15 ± 2.50 vs. 8.64 ± 1.91, p < 0.001;
mean CAVI 0 18.27 ± 7.31 vs. 14.11 ± 5.30, p < 0.001). Furthermore, the subgroup of patients
with previous CV events, as compared to subjects without, had increased CAVI and CAVI 0,
whilst PVW-cf was not significantly different between groups (mean CAVI 10.82 ± 2.46
vs. 8.65 ± 1.90, p < 0.001; mean CAVI 0 20.13 ± 7.52 vs. 14.18 ± 5.58, p < 0.001). When
stratifying the study population upon CCI, as CCI increased, we outlined a progressive
increase in CAVI (Figure 1A), CAVI 0 (Figure 1B), and PVW-cf (Figure 1C), which remained
significant after adjustment for age, sex, MAP and GFR.

3.3. Regression Analysis: Arterial Stiffness Predictors

Stepwise multiple regression models were performed (Table 3) in order to evaluate the
combined effect of independent variables on arterial stiffness parameters. In the first model
PWV-cf was considered as a dependent variable; among several independent variables (age,
GFR, MAP, CCI, LDL and triglycerides) only CCI resulted as significant predictor of PWV-cf
(p < 0.001), accounting for 20.5% of its variance. Interestingly, when considering CAVI
as dependent variable, and age, GFR, MAP, CCI, LDL and triglycerides as independent
variables, both age and CCI resulted to be significant predictors (p < 0.001 and p = 0.012,
respectively), explaining almost 53% of CAVI variance. Likewise, as shown in the third
model which considered CAVI 0 as dependent variable and again age, GFR, MAP, CCI,
LDL and triglycerides as independent variables, age and CCI (p < 0.001 and p = 0.010,
respectively) could predict CAVI 0, accounting for 55.8% of its variance.

Table 3. Stepwise regression analysis, considering PWV-cf, CAVI, and CAVI 0 respectively as depen-

dent variables, and age, glomerular filtration rate, mean arterial pressure, Charlson Comorbidity

Index, LDL-Cholesterol and Triglycerides as independent variables.

Dependent
Variables

Independent
Variables

β ± Standard Error p Value R2

PWV-cf
CCI 0.924 ± 0.144 <0.001 0.205

CAVI
Age 0.076 ± 0.014 <0.001
CCI 0.238 ± 0.094 0.012 0.528

CAVI 0
Age 0.226 ± 0.039 <0.001
CCI 0.680 ± 0.259 0.010 0.558

CCI: Charlson Comorbidity Index; CAVI: cardio-ankle vascular index; PWV-cf: pulse wave velocity carotid-femoral.
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Figure 1. CAVI (A), CAVI 0 (B) and PWV-cf (C) values stratified by Charlson Comorbidity Index

Columns represent increasing values of cci; on y axes arterial stiffness parameters are displayed.



J. Clin. Med. 2022, 11, 5761 7 of 11

4. Discussion

The present study shows significant positive correlations between all parameters of
arterial stiffness and CV risk factors, comorbidities, and aging. The positive correlation
with age is stronger for CAVI and CAVI 0 than PVW-cf. Moreover, our data confirm and
complement previous knowledge showing that age and comorbidity can predict arterial
stiffness parameters.

We could demonstrate a positive relationship between CAVI, CAVI 0, PVW-cf and
the main CV risk factors, even after adjustment for age, sex, MAP and GFR. In line with
previous evidence [36], in our population all the arterial stiffness indexes resulted increased
in hypertensive patients, reflecting the vascular remodeling, characterized by wall stiffening
typical of this condition. In particular, we outlined a significant increase in CAVI among
hypertensive subjects, which is consistent with the results of Nagayama and colleagues [16],
who demonstrated increased CAVI values in a cohort of 2300 individuals, describing a
sharper increase after the SBP threshold of 140 mmHg.

As is predictable considering vascular involvement in the diabetes mellitus course [37],
we described increased arterial stiffness indexes among diabetic patients and among
subjects with impaired fasting glucose levels, as compared to normoglycemic individuals.
These results are in line with previous finding regarding both PVW-cf [37] and CAVI [18,38];
the latter was found increased in diabetic patients, showing however a progressive decrease
after 8 weeks of glucose lowering therapy, consistent with HbA1c reduction [18]. Moreover,
we found a significant correlation between all the arterial stiffness indexes and metabolic
syndrome components, confirming previous evidence [12,39,40], and corroborating the
hypothesis of increased arterial stiffening as a crucial change in the presence of metabolic
disorders or metabolic syndrome.

We further outlined increased CAVI and CAVI 0 in patients with previous CV events,
still in line with several studies that described increased CAVI in subjects with known
coronary artery disease and cerebral ischemia [25,41–43]. Altogether, our and other results
suggest that different vascular diseases, affecting different segments of the arterial tree,
share the common finding of increased arterial stiffness. Our findings actually complement
previous observations because they show that the heterogeneity of the vessels involved may
be more accurate by testing CAVI, instead of PVW-cf, since the first is more representative
of a large proportion of the arterial tree [3].

Although several conditions are known to be associated to worse values of CAVI
and PVW-cf, the possible association with the comprehensive comorbidities burden is
not entirely explored. In this regard, although less is known about increased comorbidity
index, CAVI has already been depicted as increased among frail individuals; thus, our
results confirm and complement previous evidence by Xue and colleagues who described
higher CAVI values in elderly frail patients (relaying on Fried’s frailty definition) [44].
Noteworthily, moving one step further, we observed a positive relationship between all
the arterial stiffness indexes and both comorbidities number and CCI, still significant
after adjustment for age, sex, MAP and GFR. The pathophysiological background of this
finding might rely on the vascular remodeling, which occurs during healthy aging [45],
and pathological conditions [1]. Certainly, arterial stiffening is the common denominator
of several diseases included in the CCI calculation, and therefore a double-sided relation
might be inferred: first, arterial wall stiffening in otherwise healthy aging subjects might
increase the risk of developing a huge number of vascular-associated conditions. On the
other hand, presenting relevant comorbidities (primarily involving or not the vascular
system) might promote a complex network of tissue remodeling processes, leading to
arterial wall stiffening. Thus, more than a single disease, the comprehensive burden of
multiple co-existing conditions might contribute to widespread and increased vascular
stiffening. According to the latter interpretation, we could demonstrate that considering
arterial stiffness parameters as dependent variables, the comorbidity burden described by
CCI is a strong predictor of all the arterial stiffness indexes, and along with age it can explain
a consistent percentage of CAVI and CAVI 0 variance. Arterial stiffness might thus be
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considered as part of the expression of a multidimensional decline; in particular we found
that CAVI, as compared to PVW-cf, was more strongly related to the comorbidity burden,
and, once more, a possible explanation lies in the wider proportion of arterial segments
that is simultaneously investigated by CAVI, therefore including a broad spectrum of
pathological conditions.

According to consolidated knowledge [45], our study confirms a significant association
between aging and arterial stiffness: each arterial stiffness index displays significant relation
with age; the strength of the association is higher for CAVI and CAVI 0, as compared to
PVW-cf. Furthermore, on top of several variables, age is shown to be a significant predictor
of CAVI and CAVI 0, yet not of PWV-cf. The remarkable relationship between age and
CAVI was previously demonstrated by Shirai et al. [46], who described increased CAVI in
elderly subjects as a possible expression of age-related arterial wall sclerosis. Although
PVW-cf is still considered as the primary arterial stiffness evaluation technique for outcome
prediction [47], CAVI could be also considered as a more reliable index in the elderly, due
to its lower dependence from blood pressure [48].

A few limitations of the study should be recognized: this is a cross-sectional study, and
therefore we were not allowed to test the power of arterial stiffness indexes in predicating
long term cardiovascular risk. Our study was predominantly performed in female patients
and given the increased prevalence of cardiovascular diseases in the male population, we
need to test our hypothesis in a more represented male population. Further, information
regarding medical therapy was not available, but we acknowledge that the possible effect
of different medications on arterial stiffness may be of interest. As concerns arterial stiffness
parameters, we acknowledge that the augmentation index, which is deemed to be an
important parameter, was not significant in our findings, and therefore excluded from
the results.

In conclusion, our study, conducted on a relatively wide and heterogeneous cohort of
patients, demonstrated that PVW-cf, CAVI and CAVI 0 are associated to CV risk factors and
higher comorbidity burden, even after adjustment for several variables. Furthermore, our
data outline a strong correlation between arterial stiffness indexes and age. Our findings
might complement the pathophysiological understanding of the cardiovascular impairment
in subjects with older age and remarkable comorbidity burden. Therefore, in the clinical
setting, arterial stiffness evaluation, which is a feasible and easily available technique, may
complement the characterization of complex patients.

Author Contributions: Conceptualization, F.F. and M.Z.; methodology, F.F., A.G., M.T., A.P.R. and

E.Z.; formal analysis, R.M. and F.F.; investigation, F.F., A.G. and G.M.; data curation, F.F., A.G. and

R.M.; writing—original draft preparation, F.F., A.G. and E.Z.; writing—review and editing, F.F. and

M.Z.; supervision, M.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Approval Code: CE 191CESC University Hospital, Verona,

approval Date: 11 February 2015.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the

corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



J. Clin. Med. 2022, 11, 5761 9 of 11

References

1. Vlachopoulos, C.; Xaplanteris, P.; Aboyans, V.; Brodmann, M.; Cífková, R.; Cosentino, F.; De Carlo, M.; Gallino, A.; Landmesser,

U.; Laurent, S.; et al. The role of vascular biomarkers for primary and secondary prevention. A position paper from the European

Society of Cardiology Working Group on peripheral circulation. Endorsed by the Association for Research into Arterial Structure

and Physiology (ARTERY) Society. Atherosclerosis 2015, 241, 507–532. [CrossRef] [PubMed]

2. Shirai, K.; Song, M.; Suzuki, J.; Kurosu, T.; Oyama, T.; Nagayama, D.; Miyashita, Y.; Yamamura, S.; Takahashi, M. Contradictory

Effects of β1- and α1-Aderenergic Receptor Blockers on Cardio-Ankle Vascular Stiffness Index (CAVI). J. Atheroscler. Thromb.

2011, 18, 49–55. [CrossRef] [PubMed]

3. Asmar, R. Principles and usefulness of the cardio-ankle vascular index (CAVI): A new global arterial stiffness index. Eur. Heart J.

Suppl. 2017, 19, B4–B10. [CrossRef]

4. Van Popele, N.M.; Grobbee, D.E.; Bots, M.L.; Asmar, R.; Topouchian, J.; Reneman, R.S.; Hoeks, A.P.G.; Van Der Kuip, D.A.M.;

Hofman, A.; Witteman, J.C.M. Association between arterial stiffness and atherosclerosis: The Rotterdam study. Stroke 2001, 32,

454–460. [CrossRef]

5. Asmar, R.; Benetos, A.; Topouchian, J.; Laurent, P.; Pannier, B.; Brisac, A.M.; Target, R.; Levy, B.I. Assessment of arterial

distensibility by automatic pulse wave velocity measurement: Validation and clinical application studies. Hypertension 1995, 26,

485–490. [CrossRef]

6. Takahashi, K.; Yamamoto, T.; Tsuda, S.; Okabe, F.; Shimose, T.; Tsuji, Y.; Suzuki, K.; Otsuka, K.; Takata, M.; Shimizu, K.; et al.

Coefficients in the CAVI Equation and the Comparison between CAVI with and without the Coefficients Using Clinical Data.

J. Atheroscler. Thromb. 2019, 26, 465–475. [CrossRef] [PubMed]

7. Spronck, B.; Avolio, A.P.; Tan, I.; Butlin, M.; Reesink, K.D.; Delhaas, T. Arterial stiffness index beta and cardio-ankle vascular

index inherently depend on blood pressure but can be readily corrected. J. Hypertens. 2017, 35, 98–104. [CrossRef] [PubMed]

8. Spronck, B.; Mestanik, M.; Tonhajzerova, I.; Jurko, A.; Jurko, T.; Avolio, A.P.; Butlin, M. Direct means of obtaining CAVI 0—A

corrected cardio-ankle vascular stiffness index (CAVI)—from conventional CAVI measurements or their underlying variables.

Physiol. Meas. 2017, 38, N128–N137. [CrossRef]

9. Shirai, K.; Suzuki, K.; Tsuda, S.; Shimizu, K.; Takata, M.; Yamamoto, T.; Maruyama, M.; Takahashi, K. Comparison of Cardio–Ankle

Vascular Index (CAVI) and CAVI0 in Large Healthy and Hypertensive Populations. J. Atheroscler. Thromb. 2019, 26, 603–615.

[CrossRef]

10. Saiki, A.; Ohira, M.; Yamaguchi, T.; Nagayama, D.; Shimizu, N.; Shirai, K.; Tatsuno, I. New Horizons of Arterial Stiffness

Developed Using Cardio-Ankle Vascular Index (CAVI). J. Atheroscler. Thromb. 2020, 27, 732–748. [CrossRef]

11. Fantin, F.; Disegna, E.; Manzato, G.; Comellato, G.; Zoico, E.; Rossi, A.P.; Mazzali, G. Adipokines and Arterial Stiffness in the

Elderly. Vasc. Health Risk Manag. 2020, 16, 535–543. [CrossRef] [PubMed]

12. Fantin, F.; Giani, A.; Gasparini, L.; Rossi, A.P.; Zoico, E.; Mazzali, G.; Zamboni, M. Impaired subendocardial perfusion in patients

with metabolic syndrome. Diabetes Vasc. Dis. Res. 2021, 18, 147916412110471. [CrossRef] [PubMed]

13. Nakamura, K.; Tomaru, T.; Yamamura, S.; Miyashita, Y.; Shirai, K.; Noike, H. Cardio-Ankle Vascular Index is a Candidate

Predictor of Coronary Atherosclerosis. Circ. J. 2007, 72, 598–604. [CrossRef]

14. Namekata, T.; Suzuki, K.; Ishizuka, N.; Shirai, K. Establishing baseline criteria of cardio-ankle vascular index as a new indicator

of arteriosclerosis: A cross-sectional study. BMC Cardiovasc. Disord. 2011, 11, 51. [CrossRef]

15. Kiuchi, S.; Kawasaki, M.; Hirashima, O.; Hisatake, S.; Kabuki, T.; Yamazaki, J.; Ikeda, T. Addition of a renin-angiotensin-

aldosterone system inhibitor to a calcium channel blocker ameliorates arterial stiffness. Clin. Pharmacol. Adv. Appl. 2015, 7, 97.

[CrossRef] [PubMed]

16. Nagayama, D.; Watanabe, Y.; Saiki, A.; Shirai, K.; Tatsuno, I. Difference in positive relation between cardio-ankle vascular

index (CAVI) and each of four blood pressure indices in real-world Japanese population. J. Hum. Hypertens. 2019, 33, 210–217.

[CrossRef] [PubMed]

17. Uzui, H.; Morishita, T.; Nakano, A.; Amaya, N.; Fukuoka, Y.; Ishida, K.; Arakawa, K.; Lee, J.-D.; Tada, H. Effects of Combination

Therapy with Olmesartan and Azelnidipine on Serum Osteoprotegerin in Patients with Hypertension. J. Cardiovasc. Pharmacol.

Ther. 2014, 19, 304–309. [CrossRef]

18. Ibata, J.; Sasaki, H.; Hanabusa, T.; Wakasaki, H.; Furuta, H.; Nishi, M.; Akamizu, T.; Nanjo, K. Increased arterial stiffness is

closely associated with hyperglycemia and improved by glycemic control in diabetic patients. J. Diabetes Investig. 2013, 4, 82–87.

[CrossRef]

19. Tsuboi, A.; Ito, C.; Fujikawa, R.; Yamamoto, H.; Kihara, Y. Association between the Postprandial Glucose Levels and Arterial

Stiffness Measured According to the Cardio-ankle Vascular Index in Non-diabetic Subjects. Intern. Med. 2015, 54, 1961–1969.

[CrossRef]

20. Dobsak, P.; Soska, V.; Sochor, O.; Jarkovsky, J.; Novakova, M.; Homolka, M.; Soucek, M.; Palanova, P.; Lopez-Jimenez, F.; Shirai, K.

Increased Cardio-ankle Vascular Index in Hyperlipidemic Patients without Diabetes or Hypertension. J. Atheroscler. Thromb. 2015,

22, 272–283. [CrossRef]

21. Nagayama, D.; Watanabe, Y.; Saiki, A.; Shirai, K.; Tatsuno, I. Lipid Parameters are Independently Associated with Cardio–Ankle

Vascular Index (CAVI) in Healthy Japanese Subjects. J. Atheroscler. Thromb. 2018, 25, 621–633. [CrossRef] [PubMed]

http://doi.org/10.1016/j.atherosclerosis.2015.05.007
http://www.ncbi.nlm.nih.gov/pubmed/26117398
http://doi.org/10.5551/jat.3582
http://www.ncbi.nlm.nih.gov/pubmed/21071883
http://doi.org/10.1093/eurheartj/suw058
http://doi.org/10.1161/01.STR.32.2.454
http://doi.org/10.1161/01.HYP.26.3.485
http://doi.org/10.5551/jat.44834
http://www.ncbi.nlm.nih.gov/pubmed/30518727
http://doi.org/10.1097/HJH.0000000000001132
http://www.ncbi.nlm.nih.gov/pubmed/27906838
http://doi.org/10.1088/1361-6579/aa8981
http://doi.org/10.5551/jat.48314
http://doi.org/10.5551/jat.RV17043
http://doi.org/10.2147/VHRM.S274861
http://www.ncbi.nlm.nih.gov/pubmed/33324067
http://doi.org/10.1177/14791641211047135
http://www.ncbi.nlm.nih.gov/pubmed/34772282
http://doi.org/10.1253/circj.72.598
http://doi.org/10.1186/1471-2261-11-51
http://doi.org/10.2147/CPAA.S81880
http://www.ncbi.nlm.nih.gov/pubmed/26487804
http://doi.org/10.1038/s41371-019-0167-1
http://www.ncbi.nlm.nih.gov/pubmed/30659281
http://doi.org/10.1177/1074248413511692
http://doi.org/10.1111/j.2040-1124.2012.00229.x
http://doi.org/10.2169/internalmedicine.54.3596
http://doi.org/10.5551/jat.24851
http://doi.org/10.5551/jat.42291
http://www.ncbi.nlm.nih.gov/pubmed/29332863


J. Clin. Med. 2022, 11, 5761 10 of 11

22. Satoh, N.; Shimatsu, A.; Kato, Y.; Araki, R.; Koyama, K.; Okajima, T.; Tanabe, M.; Ooishi, M.; Kotani, K.; Ogawa, Y. Evaluation of

the Cardio-Ankle Vascular Index, a New Indicator of Arterial Stiffness Independent of Blood Pressure, in Obesity and Metabolic

Syndrome. Hypertens. Res. 2008, 31, 1921–1930. [CrossRef] [PubMed]

23. Kawada, T.; Andou, T.; Fukumitsu, M. Relationship between cardio-ankle vascular index and components of metabolic syndrome

in combination with sex and age. Diabetes Metab. Syndr. Clin. Res. Rev. 2014, 8, 242–244. [CrossRef]

24. Kirigaya, J.; Iwahashi, N.; Tahakashi, H.; Minamimoto, Y.; Gohbara, M.; Abe, T.; Akiyama, E.; Okada, K.; Matsuzawa, Y.; Maejima,

N.; et al. Impact of Cardio-Ankle Vascular Index on Long-Term Outcome in Patients with Acute Coronary Syndrome. J. Atheroscler.

Thromb. 2020, 27, 657–668. [CrossRef] [PubMed]

25. Suzuki, J.; Sakakibara, R.; Tomaru, T.; Tateno, F.; Kishi, M.; Ogawa, E.; Kurosu, T.; Shirai, K. Stroke and Cardio-ankle Vascular

Stiffness Index. J. Stroke Cerebrovasc. Dis. 2013, 22, 171–175. [CrossRef]

26. Kim, K.J.; Lee, B.-W.; Kim, H.; Shin, J.Y.; Kang, E.S.; Cha, B.S.; Lee, E.J.; Lim, S.-K.; Lee, H.C. Associations between Cardio-Ankle

Vascular Index and Microvascular Complications in Type 2 Diabetes Mellitus Patients. J. Atheroscler. Thromb. 2011, 18, 328–336.

[CrossRef] [PubMed]

27. Bramwell, J.C.; Hill, A. Velocity of transmission of the pulse-wave. Lancet 1922, 199, 891–892. [CrossRef]

28. Saiki, A.; Sato, Y.; Watanabe, R.; Watanabe, Y.; Imamura, H.; Yamaguchi, T.; Ban, N.; Kawana, H.; Nagumo, A.; Nagayama, D.; et al.

The Role of a Novel Arterial Stiffness Parameter, Cardio-Ankle Vascular Index (CAVI), as a Surrogate Marker for Cardiovascular

Diseases. J. Atheroscler. Thromb. 2016, 23, 155–168. [CrossRef]

29. Hayashi, K.; Yamamoto, T.; Takahara, A.; Shirai, K. Clinical assessment of arterial stiffness with cardio-ankle vascular index.

J. Hypertens. 2015, 33, 1742–1757. [CrossRef]

30. Spronck, B.; Mestanik, M.; Tonhajzerova, I.; Jurko, A.; Tan, I.; Butlin, M.; Avolio, A.P. Easy conversion of cardio-ankle vascular

index into CAVI. J. Hypertens. 2019, 37, 1913–1914. [CrossRef]

31. Salvi, P.; Lio, G.; Labat, C.; Ricci, E.; Pannier, B.; Benetos, A. Validation of a new non-invasive portable tonometer for determining

arterial pressure wave and pulse wave velocity: The PulsePen device. J. Hypertens. 2004, 22, 2285–2293. [CrossRef] [PubMed]

32. Fantin, F.; Giani, A.; Macchi, F.; Amadio, G.; Rossi, A.P.; Zoico, E.; Mazzali, G.; Zamboni, M. Relationships between subendocardial

perfusion impairment, arterial stiffness and orthostatic hypotension in hospitalized elderly individuals. J. Hypertens. 2021, 39,

2379–2387. [CrossRef] [PubMed]

33. McVeigh, G.E.; Bratteli, C.W.; Morgan, D.J.; Alinder, C.M.; Glasser, S.P.; Finkelstein, S.M.; Cohn, J.N. Age-related abnormalities in

arterial compliance identified by pressure pulse contour analysis: Aging and arterial compliance. Hypertension 1999, 33, 1392–1398.

[CrossRef] [PubMed]

34. Van Bortel, L.M.; Laurent, S.; Boutouyrie, P.; Chowienczyk, P.; Cruickshank, J.K.; De Backer, T.; Filipovsky, J.; Huybrechts, S.;

Mattace-Raso, F.U.S.; Protogerou, A.D.; et al. Expert consensus document on the measurement of aortic stiffness in daily practice

using carotid-femoral pulse wave velocity. J. Hypertens. 2012, 30, 445–448. [CrossRef]

35. Friedewald, W.T.; Levy, R.I.; Fredrickson, D.S. Estimation of the concentration of low-density lipoprotein cholesterol in plasma,

without use of the preparative ultracentrifuge. Clin. Chem. 1972, 18, 499–502. [CrossRef]

36. Wang, H.; Liu, J.; Zhao, H.; Fu, X.; Shang, G.; Zhou, Y.; Yu, X.; Zhao, X.; Wang, G.; Shi, H. Arterial stiffness evaluation by

cardio-ankle vascular index in hypertension and diabetes mellitus subjects. J. Am. Soc. Hypertens. 2013, 7, 426–431. [CrossRef]

37. Choi, S.-Y.; Oh, B.-H.; Bae Park, J.; Choi, D.-J.; Rhee, M.-Y.; Park, S. Age-Associated Increase in Arterial Stiffness Measured

According to the Cardio-Ankle Vascular Index without Blood Pressure Changes in Healthy Adults. J. Atheroscler. Thromb. 2013,

20, 911–923. [CrossRef]

38. Gómez-Marcos, M.Á.; Recio-Rodríguez, J.I.; Patino-Alonso, M.C.; Agudo-Conde, C.; Gómez-Sánchez, L.; Gomez-Sanchez, M.;

Rodríguez-Sanchez, E.; Maderuelo-Fernandez, J.A.; García-Ortiz, L. Cardio-ankle vascular index is associated with cardiovascular

target organ damage and vascular structure and function in patients with diabetes or metabolic syndrome, LOD-DIABETES

study: A case series report. Cardiovasc. Diabetol. 2015, 14, 7. [CrossRef]

39. Di Pino, A.; Alagona, C.; Piro, S.; Calanna, S.; Spadaro, L.; Palermo, F.; Urbano, F.; Purrello, F.; Rabuazzo, A.M. Separate impact

of metabolic syndrome and altered glucose tolerance on early markers of vascular injuries. Atherosclerosis 2012, 223, 458–462.

[CrossRef]

40. Topouchian, J.; Labat, C.; Gautier, S.; Bäck, M.; Achimastos, A.; Blacher, J.; Cwynar, M.; De La Sierra, A.; Pall, D.; Fantin, F.; et al.

Effects of metabolic syndrome on arterial function in different age groups: The Advanced Approach to Arterial Stiffness study.

J. Hypertens. 2018, 36, 824–833. [CrossRef]

41. Tabara, Y.; Setoh, K.; Kawaguchi, T.; Takahashi, Y.; Kosugi, S.; Nakayama, T.; Matsuda, F. Factors affecting longitudinal changes in

cardio–ankle vascular index in a large general population. J. Hypertens. 2018, 36, 1147–1153. [CrossRef] [PubMed]

42. Tonhajzerova, I.; Mestanikova, A.; Jurko, A.; Grendar, M.; Langer, P.; Ondrejka, I.; Jurko, T.; Hrtanek, I.; Cesnekova, D.; Mestanik,

M. Arterial stiffness and haemodynamic regulation in adolescent anorexia nervosa versus obesity. Appl. Physiol. Nutr. Metab.

2020, 45, 81–90. [CrossRef] [PubMed]

43. Izuhara, M.; Shioji, K.; Kadota, S.; Baba, O.; Takeuchi, Y.; Uegaito, T.; Mutsuo, S.; Matsuda, M. Relationship of Cardio-Ankle

Vascular Index (CAVI) to Carotid and Coronary Arteriosclerosis. Circ. J. 2008, 72, 1762–1767. [CrossRef] [PubMed]

44. Xue, Q.; Qin, M.; Jia, J.; Liu, J.; Wang, Y. Association between frailty and the cardio-ankle vascular index. Clin. Interv. Aging 2019,

14, 735–742. [CrossRef] [PubMed]

http://doi.org/10.1291/hypres.31.1921
http://www.ncbi.nlm.nih.gov/pubmed/19015600
http://doi.org/10.1016/j.dsx.2014.09.023
http://doi.org/10.5551/jat.51409
http://www.ncbi.nlm.nih.gov/pubmed/31631100
http://doi.org/10.1016/j.jstrokecerebrovasdis.2011.07.010
http://doi.org/10.5551/jat.5983
http://www.ncbi.nlm.nih.gov/pubmed/21224525
http://doi.org/10.1016/S0140-6736(00)95580-6
http://doi.org/10.5551/jat.32797
http://doi.org/10.1097/HJH.0000000000000651
http://doi.org/10.1097/HJH.0000000000002166
http://doi.org/10.1097/00004872-200412000-00010
http://www.ncbi.nlm.nih.gov/pubmed/15614022
http://doi.org/10.1097/HJH.0000000000002944
http://www.ncbi.nlm.nih.gov/pubmed/34343144
http://doi.org/10.1161/01.HYP.33.6.1392
http://www.ncbi.nlm.nih.gov/pubmed/10373222
http://doi.org/10.1097/HJH.0b013e32834fa8b0
http://doi.org/10.1093/clinchem/18.6.499
http://doi.org/10.1016/j.jash.2013.06.003
http://doi.org/10.5551/jat.18267
http://doi.org/10.1186/s12933-014-0167-y
http://doi.org/10.1016/j.atherosclerosis.2012.05.008
http://doi.org/10.1097/HJH.0000000000001631
http://doi.org/10.1097/HJH.0000000000001672
http://www.ncbi.nlm.nih.gov/pubmed/29584622
http://doi.org/10.1139/apnm-2018-0867
http://www.ncbi.nlm.nih.gov/pubmed/31163115
http://doi.org/10.1253/circj.CJ-08-0152
http://www.ncbi.nlm.nih.gov/pubmed/18802315
http://doi.org/10.2147/CIA.S195109
http://www.ncbi.nlm.nih.gov/pubmed/31114178


J. Clin. Med. 2022, 11, 5761 11 of 11

45. Vallée, A. Arterial Stiffness Determinants for Primary Cardiovascular Prevention among Healthy Participants. J. Clin. Med. 2022,

11, 2512. [CrossRef] [PubMed]

46. Shirai, K. Analysis of vascular function using the cardio–ankle vascular index (CAVI). Hypertens. Res. 2011, 34, 684–685. [CrossRef]

47. Spronck, B.; Obeid, M.J.; Paravathaneni, M.; Gadela, N.V.; Singh, G.; Magro, C.A.; Kulkarni, V.; Kondaveety, S.; Gade, K.C.; Bhuva,

R.; et al. Predictive Ability of Pressure-Corrected Arterial Stiffness Indices: Comparison of Pulse Wave Velocity, Cardio-Ankle

Vascular Index (CAVI), and CAVI0. Am. J. Hypertens. 2022, 35, 272–280. [CrossRef]

48. Shirai, K.; Utino, J.; Otsuka, K.; Takata, M. A Novel Blood Pressure-independent Arterial Wall Stiffness Parameter; Cardio-Ankle

Vascular Index (CAVI). J. Atheroscler. Thromb. 2006, 13, 101–107. [CrossRef]

http://doi.org/10.3390/jcm11092512
http://www.ncbi.nlm.nih.gov/pubmed/35566636
http://doi.org/10.1038/hr.2011.40
http://doi.org/10.1093/ajh/hpab168
http://doi.org/10.5551/jat.13.101

	Introduction 
	Materials and Methods 
	Anthropometric Variables 
	Blood Pressure and Arterial Stiffness Measurements 
	Pulse Wave Velocity 
	Statistical Analyses 

	Results 
	Univariate Analysis 
	Subgroup Analysis: Cardiovascular Comorbidities and Risk Factors 
	Regression Analysis: Arterial Stiffness Predictors 

	Discussion 
	References

