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The survival of patients with AS has improved consider-
ably owing to the development of transcatheter aortic 
valve implantation (TAVI). Of note, recent studies indicate 
that TAVI can be used even in intermediate- and low-risk 
elderly cohorts with favorable results.10,11 However, the 
occurrence of heart failure after TAVI remains an unsolved 
issue.12 Several risk factors for the occurrence of heart 
failure after TAVI have been reported, including atrial 
fibrillation, low left ventricular ejection fraction (LVEF), 
ischemic heart disease, and pulmonary hypertension,12,13 
but the effect of vascular stiffness remains unknown.

CAVI is calculated by measuring brachial-ankle pulse 
wave velocity. Patients with AS have a slow-rising pulse, 
making CAVI measurement challenging.6 Following 
TAVI, this issue is resolved and CAVI can be measured 
correctly. CAVI measured immediately after TAVI would 
be similar to that measured just before TAVI. In the pres-

O ne of the dominant drivers of aortic stenosis (AS) 
is age-related degeneration. Aging is strongly 
associated with atherosclerosis. As a result, many 

patients with AS are elderly and have atherosclerosis.1–3 In 
contrast, according to recent studies, aortic valve degen-
eration and atherosclerosis may not stem from a similar 
mechanism.4,5 Some patients with AS have few risk factors 
for atherosclerosis. The progression of atherosclerosis in 
patients with AS has not been well investigated thus far.

Clinically, the cardio-ankle vascular index (CAVI) is 
widely used to assess vascular stiffness, which is indepen-
dent of arterial blood pressure. CAVI is associated with 
risk factors for atherosclerosis, including hypertension and 
ischemic heart disease.6 CAVI is a major risk factor for the 
development of heart failure with preserved ejection func-
tion (HFpEF), as well as impaired flow-mediated dilata-
tion, which is an index of endothelial function.7–9
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Background: The cardio-ankle vascular index (CAVI) is associated with the severity of vascular stiffness and heart failure (HF). 
However, little is known about CAVI in aortic stenosis (AS) patients, probably because of the difficulty of accurately measuring CAVI 
in these patients owing to their slow-rising pulse. In this study, we investigated the prevalence and prognostic impact of abnormally 
elevated CAVI measured after transcatheter aortic valve implantation (TAVI).

Methods and Results: Among patients with AS who underwent TAVI, those with bilateral peripheral artery disease, atrial fibrillation, 
and systolic HF were excluded. The effect of post-TAVI elevated CAVI (defined as ≥9.0) on HF readmission after the index discharge 
was investigated. In all, 149 patients (mean [±SD] age 84.8±5.6 years, 24.2% men, mean [±SD] post-TAVI CAVI 9.6±1.4) were 
included in the study. There was no significant difference in baseline characteristics between groups with and without elevated CAVI, 
except for lower high-density lipoprotein cholesterol (HDL-C) and a higher prevalence of HF history in the group with elevated CAVI 
(P<0.05 for both). Post-TAVI elevated CAVI (n=102) was associated with lower freedom from HF recurrence during the observational 
period (89.1% vs. 100%; median 726 days [interquartile range 329–1,104 days]; P<0.05). Moreover, CAVI was an independent 
predictor of HF occurrence (hazard ratio 1.62; 95% confidence interval 1.07–2.46; P=0.022).

Conclusions: Elevated CAVI was associated with HF occurrence before and after TAVI.
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able valves (Sapien XT or Sapien 3; Edwards Lifesciences, 
Irvine, CA, USA) or self-expandable valves (Corevalve or 
Evolut R; Medtronic, Minneapolis, MN, USA) via a 
transfemoral approach under general anesthesia.

Transthoracic Echocardiography
Transthoracic echocardiography was performed 2 days 
before TAVI and 1–2 weeks after TAVI. Standard M-mode, 
2-dimensional, Doppler, and tissue Doppler studies were 
performed using standard techniques. The aortic valve 
area was calculated using a continuity equation.18

CAVI Measurement
CAVI was measured using a commercial device (Vasera; 
Fukuda Denshi, Tokyo, Japan) according to previously 
described methods.19 Briefly, the brachial and ankle pulse 
waves were determined using inflatable cuffs, with the pres-
sure maintained between 30 and 50 mmHg to ensure that 
the cuff pressure had minimal effect on systemic hemody-
namics. Blood and pulse pressures were determined simul-
taneously, with the patient lying supine for 10 min in a 
quiet room.

Bilateral CAVI values were averaged in general. Patients 
with bilateral peripheral artery disease with an ankle-bra-
chial index <0.9 were excluded. For those with unilateral 
disease, CAVI values obtained from the healthy leg were 
used.

Statistical Analysis
Continuous variables are expressed as the mean ± SD or 
median and interquartile range (IQR) depending on their 
distribution and were compared between groups using 
unpaired t-tests or the Mann-Whitney U test, as appropri-
ate. Categorical variables are expressed as numbers and 
percentages and were compared between the 2 groups 

ent study, we investigated the effect of post-TAVI CAVI 
on heart failure occurrence after the index discharge.

Methods
Subjects and Study Design
Consecutive patients with symptomatic severe AS, which 
was defined as an aortic valve area <1.0 cm2 and peak 
velocity thorough the aortic valve >4.0 m/s,14,15 who finally 
received TAVI were prospectively enrolled in this study. 
Patients with reduced LVEF (<50%), bilateral peripheral 
artery disease, or atrial fibrillation were excluded from the 
study, given the effects of these conditions on CAVI.

In addition, post-TAVI data from patients who under-
went an alternative approach or had major comorbidities, 
including death, cardiac tamponade, disabling stroke, 
severe infection, and moderate or greater aortic regurgita-
tion, were excluded given their effects on heart failure 
events. 

CAVI examinations were performed 1–2 weeks after 
TAVI. Patient cohorts were stratified into 2 groups (i.e., 
high and low CAVI groups) using a cut-off CAVI value of 
9.0 according to the manufacturer’s instructions.16 The 
effect of CAVI on the incidence of heart failure readmis-
sion after TAVI was investigated.

Informed consent was obtained from all participants 
before they were enrolled in the study. This study was 
approved by the Ethics Committee of the University of 
Toyama (Reference no. 28-404).

TAVI
Patient selection for TAVI was determined by a heart team, 
which comprised cardiologists, cardiovascular surgeons, 
and anesthesiologists, according to the indications of the 
PARTNER trial.17 All patients received balloon-expand-

Figure 1.  Study flowchart. CAVI, cardio-ankle vascular index; TAVI, transcatheter aortic valve implantation.
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were included in the study (Figure 1).
Patients’ baseline characteristics are summarized in 

Table 1. The mean age was 84.7 years and 24% of patients 
were male. Mean CAVI was 9.64±1.36 and 102 (68.5%) 
patients were assigned to the high CAVI group, defined as 
CAVI ≥9.0.

There were no statistically significant differences in base-
line characteristics between the high and low CAVI groups, 
except for the higher prevalence of former heart failure 
admission and lower HDL-C levels in the high CAVI 
group (P<0.05 for both).

Post-TAVI Clinical Data
Clinical data following TAVI are summarized in Table 2. 
There were no statistically significant differences in post-
TAVI data, except for a lower LVEF in the high CAVI 
group (P<0.01). 

There were also no significant differences between the 
low and high CAVI groups in the rates of periprocedural 
complications, such as vascular complications (4.2% vs. 
3.9%, respectively), bleeding requiring transfusion (23.4% 
vs. 26.5%, respectively), acute kidney injury (6.4% vs. 

using Chi-squared test. Multivariable Cox proportional 
hazard ratio models were used to assess the impact of 
CAVI values on heart failure hospitalizations. Variables 
with P<0.05 in univariable analyses were included in the 
multivariable analysis. Survival curves were derived using 
the Kaplan-Meier method and compared by the log-rank 
test. Two-sided P<0.05 was considered statistically signifi-
cant. Statistical analyses were performed using JMP pro 
ver15 (SAS Institute Japan, Tokyo, Japan).

Results
Baseline Characteristics
In all, 327 consecutive patients who underwent TAVI between 
May 2015 and May 2021 were considered for inclusion in 
this study. Of these patients, 36 who underwent an alterna-
tive approach (transapical, n=20; trans-subclavian, n=14; 
direct aorta, n=2), 12 with major comorbidities (death, 
n=1; moderate aortic regurgitation, n=3; disabling stroke, 
n=2; cardiac tamponade, n=3; infection, n=3), 88 with 
peripheral artery diseases, 25 with atrial fibrillation, and 29 
with a LVEF <50% were excluded. Finally, 149 patients 

Table 1. Patient Characteristics Before TAVI

High CAVI  
(n=102)

Low CAVI  
(n=47)

Age (years) 85.3±5.9　　 83.7±4.8　　
Male sex (%) 25.5 21.3

Height (cm) 148.9±9.0　　　　 146.2±8.7　　　　
Body weight (kg) 49.3±8.9　　 50.8±10.7

Body surface area (m2) 1.40±0.17 1.41±0.16

Body mass index (kg/m2) 22.2±3.2　　 　23.7±4.1*　　
CSHA frailty scale 4 [3–4]　　 4 [3–4]　　
Hypertension (%) 71.3 80.8

Dyslipidemia (%) 47.5 44.7

Diabetic (%) 12.9 14.9

History of smoking (%) 21.8 14.9

Ischemic heart disease (%) 25.7 27.7

History of HF hospitalization (%) 34.7 　12.7*

β-blocker (%) 27.5 27.7

ACEI/ARB (%) 59.7 70.1

Loop diuretics (%) 53.9 46.8

Mineralocorticoid receptor antagonist (%) 20.6 21.3

Statin (%) 55.9 46.8

Serum albumin (g/dL) 3.7±0.4 3.8±0.4

Hemoglobin (g/dL) 11.1±1.5　　 11.3±1.6　　
Serum creatinine (mg/dL) 0.97±0.39 1.04±0.54

eGFR (mL/min/1.73 m2) 52±19 50±19

HDL-C (mg/dL) 52±14 　57±16*

LDL-C (mg/dL) 97±30 96±30

HbA1c (%) 6.0±0.5 6.0±0.8

Plasma BNP (pg/mL) 172 [93–421] 150 [77–300]

Aortic valve area (cm2) 0.57±0.16 0.58±0.14

Maximum velocity across the aortic valve (m/s) 4.6±0.7 4.6±0.7

Left ventricular ejection fraction (%) 66.1±8.0　　 66.0±8.8　　

Unless indicated otherwise, data are presented as the mean ± SD or median [interquartile range]. *P<0.05 compared 
with the high cardio-ankle vascular index (CAVI) group. ACEI, angiotensin-converting enzyme inhibitor; ARB, angio-
tensin II receptor blocker; BNP, B-type natriuretic peptide; CHSA, Canadian Study of Health and Aging; eGFR, esti-
mated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; HF, heart failure; LDL-C, low-density 
lipoprotein cholesterol; SD, standard deviation; TAVI, trans-catheter aortic valve implantation.
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respectively; P=0.10).
After adjusting for the estimated glomerular filtration 

rate, which was another significant variable in the univari-
ate analyses, the hazard ratio for CAVI to predict heart 
failure readmissions was 1.62 (95% confidence interval 
1.07–2.46; P=0.022; Table 3).

Renal function impairment was significantly greater and 
CAVI values were significantly higher in patients with 
heart failure readmissions after TAVI (Table 4).

Discussion
In this study we investigated the association between CAVI 

5.9%, respectively), and pacemaker implantation (14.9% 
vs. 9.9%, respectively).

Effect of CAVI on the Primary Endpoint
During the observation period (median 726 days; IQR 
326–1,104 days) after the index discharge, 11 patients (7.4%) 
were readmitted for heart failure. Of note, no patients in 
the low CAVI group experienced heart failure readmission. 
Freedom from heart failure readmissions was significantly 
lower in the high CAVI group (89.1% vs. 100%; P<0.05; 
Figure 2). Overall, 11 (7.4%) patients died, and there was 
no significant difference between the low and high CAVI 
groups in freedom from all-cause death (2.1% vs. 9.8%, 

Table 2. Patient Characteristics After TAVI

High CAVI  
(n=102)

Low CAVI  
(n=47)

CAVI 10.3±1.1　　 　　8.2±0.6**

Hemoglobin (g/dL) 10.2±1.6　　 10.2±1.1　　
Serum albumin (g/dL) 3.4±0.5 3.4±0.4

Serum creatinine (mg/dL) 0.94±0.41 0.98±0.48

eGFR (mL/min/1.73 m2) 53±19 52±20

Plasma BNP (pg/mL) 81 [52–155] 75 [38–114]

Aortic valve area (cm2) 1.4±0.3 1.5±0.3

Maximum velocity across the aortic valve (m/s) 2.1±0.5 2.1±0.5

Left ventricular ejection fraction (%) 65.4±11.5 　　69.0±7.4**　　
Left ventricular mass (g) 179.7±55.6　　 178.2±55.3　　
Left ventricular mass index (g/m2) 127.4±36.4　　 127.1±38.4　　
Septal wall thickness (mm) 10.8±2.1　　 10.6±1.8　　
Posterior wall thickness (mm) 10.8±1.7　　 10.8±1.3　　
E (cm/s) 80.0±28.0 82.6±25.1

A (cm/s) 109.6±28.1　　 11.5±28.7

E/A ratio 0.8±0.4 0.8±0.5

Lateral E’ (cm/s) 5.3±1.7 5.7±1.9

Septal E’ (cm/s) 4.2±1.1 4.3±1.2

E/E’ ratio 17.8±6.3　　 18.2±7.2　　
Left atrium diameter (mm) 41.7±8.7　　 42.5±7.9　　
TVR flow pressure gradient (mmHg) 23.7±7.5　　 23.0±7.1　　

Data are presented as the mean ± SD or median [interquartile range]. *P<0.05, **P<0.01 compared with the high 
CAVI group. A, peak late diastolic filling velocity; E, peak early diastolic filling velocity; E’, peak early diastolic mitral 
annular velocity; TVR, tricuspid valve regurgitation. Other abbreviations as in Table 1.

Figure 2.  Freedom from heart failure read-
missions following transcatheter aortic valve 
implantation stratified by cardio-ankle vascu-
lar index (CAVI) levels. CHF, chronic heart 
failure.
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aged >80 years was 9.8±1.3,20 which is comparable to that 
in the present cohort. Patients with AS may not necessarily 
have considerably higher CAVI than those without AS. 
The prevalence of atherosclerosis risk factors was comparable 
between the low and high CAVI groups. The pathophysi-
ology of AS progression involves endothelial dysfunction, 
immune cell infiltration, myofibroblast and osteoblast dif-
ferentiation, and, subsequently, calcification of the aortic 
valve, all of which seem to be different from the patho-
physiology of atherosclerosis.4,5 The severity of AS and the 
progression of vascular stiffness may not necessarily be 
dependent on each other.

One possible explanation for the high CAVI in some 
patients is the high-density lipoprotein cholesterol (HDL-

values and heart failure hospitalization following TAVI in 
patients with severe AS. The major findings of this study 
are as follows: (1) in patients with severe AS undergoing 
TAVI, mean CAVI was 9.64±1.36 and approximately 70% 
of patients had high CAVI (≥9.0); (2) there were no sig-
nificant differences in baseline characteristics, regardless of 
CAVI values, except for a higher prevalence of former 
heart failure hospitalization in the high CAVI group; and 
(3) high CAVI was an independent predictor of heart fail-
ure readmissions following TAVI.

Vascular Stiffness and AS
The degree of vascular stiffness in patients with AS remains 
controversial. Mean CAVI in healthy Japanese volunteers 

Table 3. Univariate and Multivariate Analysis for the Prediction of HF Hospitalization After TAVI

Univariable Multivariable

Hazard ratio 95% CI P value Hazard ratio 95% CI P value

Age 1.06 0.94–1.24 0.357 – – –

Male sex 1.69 0.44–5.62 0.401 – – –

Body mass index 0.97 0.92–1.02 0.189 – – –

Serum albumin 0.38 0.09–1.80 0.206 – – –

Hemoglobin 0.96 0.82–2.54 0.617 – – –

eGFR 0.96 0.93–0.99 0.027 0.96 0.92–0.99 0.017

Plasma BNP/SD 1.12 0.60–1.70 0.669 – – –

Left atrial diameter 0.99 0.92–1.07 0.896 – – –

E/E’ ratio 1.00 0.91–1.09 0.932 – – –

CAVI 1.55 1.03–2.30 0.036 1.62 1.07–2.46 0.022

HF hospitalization before TAVI 2.86 0.86–9.92 0.084 – – –

Univariable and multivariable analyses were performed using Cox proportional hazard models for continuous variables. CI, confidence interval; 
E/E’, ratio of peak early diastolic filling velocity to peak early diastolic mitral annular velocity. Other abbreviations as in Table 1.

Table 4. Patient Characteristics According to HF Rehospitalization Status

HF readmission  
(n=11)

No HF readmission  
(n=138)

Age (years) 86.3±3.9　　 84.7±5.7　　
Male sex (%) 36.4 23.2

Height (cm) 154.3±12.0　　 147.5±8.5　　　　
Body weight (kg) 55.7±11.3 49.3±9.2　　
Body surface area (m2) 1.46±0.34 1.40±0.15

Body mass index (kg/m2) 23.2±1.7　　 22.6±3.7　　
Serum albumin (g/dL) 6.5±0.8 6.4±0.5

Hemoglobin (g/dL) 10.2±1.4　　 10.3±1.2　　
Serum creatinine (mg/dL) 1.20±0.36 　0.93±0.41*

eGFR (mL/min/1.73 m2) 41±11 　　54±19**

HDL-C (mg/dL) 39±10 44±11

Plasma BNP (pg/mL) 103 [84–233] 77 [43–137]

Aortic valve area (cm2) 1.51±0.25 1.44±0.29

Maximum velocity across the aortic valve (m/s) 2.2±0.6 2.1±0.4

E (cm/s) 86±43 80±26

A (cm/s) 114±19　　 110±27　　
E/A ratio 0.76±0.36 0.78±0.41

Left ventricular ejection fraction (%) 64.4±8.4　　 66.7±7.8　　
Left atrium diameter (mm) 42.3±7.7　　 42.0±8.2　　
CAVI 10.3±0.8　　 　9.6±1.4*

Unless indicated otherwise, data are presented as the mean ± SD or median [interquartile range]. *P<0.05, **P<0.01  
compared with patients readmitted for HF. Abbreviations as in Tables 1–3.
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independent of hemodynamics, we assumed post-TAVI 
CAVI was a unique fixed variable in each patient. Fourth, 
trends in CAVI during the observation period remain 
uninvestigated. Fifth, we excluded patients with bilateral 
peripheral artery diseases, atrial fibrillation, and heart fail-
ure with reduced ejection fraction given the effects of these 
conditions on CAVI. The applicability of our findings to 
these excluded cohorts remains unknown. Sixth, some 
patients were lost follow-up. Finally, the association between 
CAVI and flow-mediated dilation was not investigated.

Conclusions
Among patients with severe AS, an elevated CAVI was 
associated with worsening heart failure before and after 
TAVI.
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