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Summary
Background The cardio-ankle vascular index (CAVI) measure of arterial stiffness is associated with prevalent
cardiovascular risk factors, while its predictive value for cardiovascular events remains to be established. The aim
was to determine associations of CAVI with cardiovascular morbimortality (primary outcome) and all-cause
mortality (secondary outcome), and to establish the determinants of CAVI progression.

Methods TRIPLE-A-Stiffness, an international multicentre prospective longitudinal study, enrolled >2000 subjects
≥40 years old at 32 centres from 18 European countries. Of these, 1250 subjects (55% women) were followed for a
median of 3.82 (2.81–4.69) years.

Findings Unadjusted cumulative incidence rates of outcomes according to CAVI stratification were higher in highest
stratum (CAVI > 9). Cox regression with adjustment for age, sex, and cardiovascular risk factors revealed that CAVI
was associated with increased cardiovascular morbimortality (HR 1.25 per 1 increase; 95% confidence interval, CI:
1.03–1.51) and all-cause mortality (HR 1.37 per 1 increase; 95% CI: 1.10–1.70) risk in subjects ≥60 years. In ROC
*Corresponding author. Karolinska Institutet, Karolinska University Hospital, M85, Stockholm 14186, Sweden.
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Registration in Trial Registries: This trial “Advanced Approach to Arterial Stiffness” is registered at ClinicalTrials.gov with number NCT02318628.
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analyses, CAVI optimal threshold was 9.25 (c-index 0.598; 0.542–0.654) and 8.30 (c-index 0.565; 0.512–0.618) in
subjects ≥ or <60 years, respectively, to predict increased CV morbimortality. Finally, age, mean arterial blood
pressure, anti-diabetic and lipid-lowering treatment were independent predictors of yearly CAVI progression
adjusted for baseline CAVI.

Interpretation The present study identified additional value for CAVI to predict outcomes after adjustment for CV risk
factors, in particular for subjects ≥60 years. CAVI progression may represent a modifiable risk factor by treatments.

Funding International Society of Vascular Health (ISVH) and Fukuda Denshi, Japan.

Copyright © 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Research in context

Evidence before this study
Currently used methods to evaluate arterial stiffness predict
cardiovascular outcomes, but are not recommended as part of
the cardiovascular risk assessment. Cardio-ankle vascular index
(CAVI) is a novel measure of arterial stiffness.

Added value of this study
This study measured arterial stiffness and its progression with
time using the Cardio Ankle Vascular Index in over 1000
individuals across Europe.
U Stiffer arteries increased the risk of cardiovascular

diseases.

U Arterial stiffness measurement by Cardio Ankle Vascular
Index may improve the predictability and treatment for
reducing cardiovascular disease.

Implications of all the available evidence
The present study extends the established associations of
CAVI with cardiovascular risk by showing that CAVI
progression was affected by risk factors as well as being
potentially modifiable by treatments. The use of CAVI in
cardiovascular risk prediction and guidance merit further
studies.
Introduction
Cardio-ankle vascular index (CAVI) is a measure of
arterial stiffness,1 which is associated with cardiovascu-
lar (CV) risk factors in cross-sectional studies. A vast
majority of studies were performed in Asian pop-
ulations but have subsequently been replicated in non-
Asian populations.2,3

Advanced Approach to Arterial Stiffness (TRIPLE-A-
Stiffness) is the largest CAVI study in Europe, enrolling
more than two thousand subjects ≥40 years old at 32
centres from 18 European countries.2 The cross-
sectional analysis of TRIPLE-A-Stiffness reported a
strong correlation with age for CAVI and that age-
adjusted CAVI was associated with components of the
metabolic syndrome. A significant positive association
was observed for CAVI with glycemia and hypertension,
whereas the waist circumference was inversely associ-
ated with CAVI.2

Subjects with established atherosclerotic CV disease
are at high risk of CV events. Comparative studies have
shown a remarkable difference of CAVI in subjects with
and without established atherosclerosis.3,4 This may in
part reflect higher incidence of co-morbidities, such as
diabetes, hypertension, and hyperlipidaemia, although
prospective studies are needed to determine the predic-
tive value of CAVI for incident and recurrent CV events.
A meta-analysis of the existing, mainly small and
including specific risk populations, prospective studies
reported a modest association between CAVI and inci-
dent CV risk.5 The latter report highlighted the need for
studies assessing CAVI as a predictor of CV disease in
the general population and non-Asian countries.

The aim of this study was to establish the association
of CAVI with CV morbimortality (primary outcome) and
all-cause mortality (secondary outcome), and to establish
the determinants of CAVI progression. To this end, the
TRIPLE-A-Stiffness participants were followed prospec-
tively for monitoring of outcomes and serial CAVI
measures.
Methods
Study design
TRIPLE-A-Stiffness is an international multicentre pro-
spective longitudinal study with three scheduled visits at
baseline and after 2 and 5 years of follow-up. Subjects
aged 40 years and older were recruited at 32 centres in 18
countries. All subjects were followed in outpatient clinics
for prevention check-up and/or monitoring of CV risk
factors. Non-inclusion criteria were factors potentially
impairing the quality and reliability of arterial stiffness
measurements. The exclusion criteria were: (a) known
www.thelancet.com Vol ▪ ▪, 2024
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significant peripheral arterial disease, (b) ankle–brachial
index bilaterally less than 0.95, (c) limb amputation; (d)
history of vascular surgery of the carotid artery, femoral
artery or aorta; (e) BMI more than 40 kg/m2; (f) atrial
fibrillation and/or other major arrhythmia; and (g) preg-
nancy. The study is registered at www.clinicaltrials.gov
with the ID number: NCT02318628.

Prospective study population
Participants enrolled in TRIPLE-A-Stiffness,2 for whom
follow-up was available were included in this study. The
flow chart is shown in Supplementary Fig. S1. The
cross-sectional analysis of the baseline examinations has
been previously reported.2 The target size for the cross-
sectional analysis was at least 2000 subjects, and reached
an inclusion of 2325 subjects. Of these, 54% were
included in the prospective analysis based on available
data on events during follow-up from n = 985 subjects,
follow-up with serial CAVI measures for n = 921 sub-
jects, and both outcome measures for n = 656 subjects
(Supplementary Table S1).

Clinical evaluation at baseline
Investigators collected data from physical examination,
disease history and treatments. Sex was self-reported by
the participants. Blood pressure measurements were
performed after 5–10 min rest according to the ESH/
ESC guidelines for the management of arterial hyper-
tension6 using validated equipment that meets certifi-
cation criteria. Two or more readings were averaged. If
the first two readings differed by more than 15 mmHg,
additional readings were obtained and averaged. The
average values of the BP measurements were reported.
Blood samples for bioassays or reporting of the results
of the laboratory examination performed at ±12 weeks
of the baseline visit date.

Cardio-ankle vascular index
CAVI was measured using the VaSera system (Fukuda
Denshi Co, Japan) as previously described.2 A micro-
phone for phonocardiography was placed on the ster-
num, and BP cuffs were placed at the four limbs. CAVI
was automatically calculated by the VaSera CAVI using
the heart-ankle PWV to estimate the β-stiffness accord-
ing to the following equation7:

CAVI= a{2ρ
PP

x (ln SBP
DBP

) x PWV2}+ b

where a and b are adjustable constants, ρ blood density
(1.05), PP pulse pressure, SBP and DBP systolic and
diastolic blood pressure, PWV pulse wave velocity from
the origin of the aorta to the tibial artery. According to
the automated quality control in the VaSera, results
were not reported if acquisition was of insufficient
quality. Only measurements deemed valid by the device
were included. The mean value of the left and right
www.thelancet.com Vol ▪ ▪, 2024
CAVI was used. CAVI values to stratify participants in
three different groups were: CAVI < 8; 8–9, and >9.

Follow-up
All subjects examined at baseline and attending the 2
and/or 5-year follow-up visits were included. At follow-
up information was collected on CV morbimortality.
Information on cause of mortality was collected from
patient records and/or information from the person
contacted when a diseased subject was invited for
attending a follow-up visit. The investigator noted if CV
morbimortality had occurred, and classified the event as
“cardiac”, “cerebral”, or “vascular”. The cardiac morbi-
mortality included all cardiac diagnoses and procedures
(e.g. myocardial infarction, vascular interventions, heart
failure etc). The cerebral cause was defined as cerebro-
vascular disease (stroke, TIA), whereas other CV events
and cause of mortality were recorded as vascular. The
follow-up data was collected by the participating centres
without event adjudication by the coordinator. CAVI
measures were performed at the follow-up visit. If atrial
fibrillation was prevalent at the follow-up visit, CAVI
measure was not performed. A manual quality control
was performed by an experience investigator (JT). The
exclusion for quality were: Age < 39.5, duplicated visit,
missing date of birth, missing CAVI results at either
baseline or follow-up visit, and bilateral ABI <0.95. If
ABI was <0.95 unilaterally, the contralateral CAVI was
used. The change in CAVI was calculated as the last
available CAVI measure minus the baseline value and
CAVI progression was obtained by dividing the change
in CAVI by the time in years between the two
examinations.

Statistics
Continuous variables are presented as mean ± SD or
median (IQR) for skewed distribution, and discrete
variables are presented as frequency and percentage.
The 2-tailed significance level was set at P < 0.05. Pair-
wise comparisons were carried out using the Mann–
Whitney and χ2 tests as appropriate. The assumptions
for applying χ2 tests were checked and found to be non-
violated for all comparisons. Unadjusted incidence rates
(IRs) and cumulative IRs during the follow-up time for
CV morbimortality and all-cause mortality were dis-
played as Kaplan–Meier graphs. Follow-up started at the
date of baseline visit and subjects were censored at the
date of event (CV event for CV morbimortality analysis,
death for all-cause mortality analysis) or at the date of
latest news. Origin and start times for survival analysis
were the same. Subgroup analysis was performed after
stratification by age of either ≥60 or <60 years based on
predefined age-limits and a target sample size of 500
subjects per subgroup. Cox proportional hazards models
were used to assess unadjusted and adjusted associa-
tions for incident CV morbimortality and all-cause
mortality. Covariates, chosen based on clinical
3
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judgment and literature, included age (as a continuous
variable), sex, smoking, BMI, mean arterial blood pres-
sure (MAP), dyslipidemia, diabetes, prevalent CV dis-
ease, chronic kidney disease (CKD), anti-hypertensive,
anti-diabetic, and lipid lowering treatments. Cox models
were adjusted for the above-mentioned covariates except
medications. For each endpoint, an optimal cut-off of
CAVI was determined by maximizing Harrell’s c-index
in univariable Cox model. Pearson’s correlation was
used to study the relationship between annual CAVI
progression, baseline CAVI and age. To identify pre-
dictors of yearly CAVI progression adjusted for baseline
CAVI, covariates with a P < 0.10 in an univariable linear
regression model (adjusted for baseline CAVI) were
included in the multivariable model. The statistical an-
alyses were performed using the NCSS 9 statistical
software package (Kaysville, Utah, USA).

Ethics
The protocol with reference ANSM ID RCB 2014-
A01754-43 was approved by Comité de protection des
personnes (CPP) Ile de France 1 and put forth for ethical
approval in each participating country. Informed written
consent was obtained for all included subjects.

Role of funders
The sources of funding had no access to the study data
and no role in the design, implementation or reporting.
Results
Subject characteristics
The baseline characteristics of the n = 1250 subjects
included in the prospective study (Supplementary
Fig. S1) shown in Table 1 were consisted with a high
CV risk population. In comparison with the n = 1074
subjects examined at baseline2 but not followed up in
the prospective study sample exhibited a higher pro-
portion of smoking, prevalent comorbidities, and
pharmacological/non-pharmacological treatments
(Table 1). The prospective study sample had signifi-
cantly higher proportions of lipid-lowering and hyper-
tension treatments, with concomitant better lipid levels
and blood pressure compared with the subjects with
missing follow-up. In contrast, the arterial stiffness
measures were not significantly different between the
subjects with and without follow-up (Table 1). The
participation at baseline and follow-up for each partici-
pating centre is shown in Supplementary Table S2.

Predictive value of baseline CAVI for outcomes
During a median follow-up time of 3.82 (IQR 2.81–4.69)
years, 129 subjects experienced an event in the primary
CV morbimortality outcome, and 54 subjects for the
secondary outcome of all-cause mortality (Table 1). The
components of the CV morbimortality are shown in
Supplementary Table S3. Cardiac cause represented
more than half of the outcomes, followed by cerebral
and vascular events. In thirteen cases, the primary CV
morbimortality outcome was not distinguishable, for
which the outcome was marked as other
(Supplementary Table S3). The unadjusted cumulative
incidence rates according to CAVI at baseline were
higher in highest stratum (CAVI >9) compared with
either the lowest (CAVI < 8) or second (CAVI 8–9)
strata, whereas no significant differences were observed
between the first and second strata (Fig. 1A). A similar
pattern was observed for the secondary outcome all-
cause mortality (Fig. 1B).

A Cox regression with CAVI as a continuous variable
after age- and sex adjustment (Model 1) revealed a sig-
nificant association after age stratification. In subject 60
years or older at baseline, every 1-point increment in
CAVI was associated with an increased risk of the pri-
mary composite outcome of CV morbimortality (HR,
1.27, 95% CI, 1.06–1.52). whereas no significant associ-
ation was detected in subjects below 60 years of age
(Table 2). In a Cox regression adjusted for sex, age, and
confounding variables for baseline CAVI: smoking, BMI,
MAP, dyslipidaemia, diabetes, prevalent CV disease, and
prevalent CKD (Model 2), CAVI was associated with an
increased risk in 60 years or older subjects at a HR of
1.25 (95% CI, 1.03–1.51) (Fig. 2), with significant asso-
ciations for age, prevalent CVD, and smoking
(Supplementary Fig. S2). In an age- and sex-adjusted Cox
regression adjusted for anti-hypertensive, anti-diabetic,
and lipid lowering treatments (Model 3), CAVI remained
a risk predictor in all (HR 1.20, 95% CI 1.02–1.40) and
subjects ≥60 years (HR 1.30, 95% CI 1.09–1.55).

The secondary outcome of all-cause mortality was
observed in 54 subjects, of which 45 subjects were ≥60
years of age. Given the few mortality cases in the group
<60 years, analyses for all-cause mortality were per-
formed only for the subgroup of subjects ≥60 years
(Table 2). Results for Model 2 (Fig. 2) revealed similar
associations in the ≥60 years group for 1-point incre-
ment in CAVI with all-cause mortality as observed for
CV morbimortality, remaining significant after adjust-
ments for treatments (HR 1.37, 95% CI 1.10–1.70).

CAVI thresholds for outcomes
In ROC analyses, the CAVI limits for prediction of
outcome were different in the age groups, with an
optimal threshold of CAVI 9.25 in subjects ≥60 years for
CV morbimortality and CAVI 9.95 for all-cause mortal-
ity (Table 3). Cox-analyses with CAVI dichotomized ac-
cording to optimal thresholds of revealed a prediction in
crude analyses as well as after adjustment for age and
sex (Table 4). In the fully adjusted analysis (Model 2),
CAVI superior to the threshold was associated with a 1.5
and 1.6-fold increased risk for CV morbimortality in all
and ≥60 years subjects, respectively (Table 4). Likewise,
the CAVI threshold of 9.95 significantly predicted
all-cause mortality in subjects ≥60 years (Table 4). In
www.thelancet.com Vol ▪ ▪, 2024
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Subjects with follow-up No Yes P

n 1075 1250

Age (years)—mean (SD) 59 (11) 60 (11) 0.093

Female sex—no. (%) 586 (55%) 633 (51%) 0.062

Current smoker—no. (%) 245 (23%) 183/1249 (15%) <0.0001

Body Mass Index (kg/m2)—mean (SD) 29.30 (4.83) 29.30 (4.57) 0.82

Waist circumference (cm)—mean (SD) 100 (14) 101 (12) 0.39

Metabolic syndrome—no. (%) 743/1016 (73%) 890/1174 (75%) 0.15

SBP (mmHg)—mean (SD) 142 (18) 139 (18) <0.0001

DBP (mmHg)—mean (SD) 86 (11) 84 (11) <0.0001

MAP (mmHg)—mean (SD) 104 (12) 102 (12) <0.0001

Medical history—no. (%)

CVD 360 (33%) 409 (33%) 0.69

Hypertension 834/1051 (79%) 1011/1241 (81%) 0.20

Dyslipidemia 764/1048 (73%) 871/1231 (71%) 0.26

Diabetes 252/1054 (24%) 286/1240 (23%) 0.63

CKD 39/1020 (4%) 72/1230 (6%) 0.027

Family history of CVD 372/944 (39%) 439/1086 (40%) 0.64

Medications—no. (%)

Anti-hypertensive treatment 742/1070 (69%) 976/1248 (78%) <0.0001

Lipid-lowering 454/1071 (42%) 639/1248 (51%) <0.0001

Anti-diabetic treatment 206/1070 (19%) 230/1248 (18%) 0.61

Laboratory measures

Total cholesterol (mmol/l)—median (IQR) 5.31 (4.64–6.30) (n = 1009) 5.17 (4.40–6.00) (n = 1167) <0.0001

LDL (mmol/l)—median (IQR) 3.20 (2.42–4.04) (n = 985) 2.92 (2.19–3.80) (n = 1110) <0.0001

HDL (mmol/l)—median (IQR) 1.32 (1.08–1.60) (n = 852) 1.35 (1.11–1.66) (n = 1102) 0.039

TG (mmol/l)—median (IQR) 1.40 (1.02–1.97) (n = 982) 1.37 (1.02–1.90) (n = 1144) 0.22

Fasting glucose (mmol/l)—mean (SD) 6.01 (1.88) (n = 978) 5.95 (1.80) (n = 1134) 0.92

Arterial stiffness measures

CAVI (dimensionless)—mean (SD) 8.26 (1.33) 8.35 (1.35) 0.11

Mortality and CV morbimortality

CV morbimortality—no. (%) – 129/985 (13%)

CV morbimortality follow-up (years)—median (IQR) – 3.78 (2.64–4.67) (n = 985)

Total mortality—no. (%) – 54/985 (5%)

Total mortality follow-up (years)—median (IQR) – 3.82 (2.80–4.69) (n = 985)

The number of subjects (n) in each group is indicated in the top row of and n is specified for each variable with missing values. Results are reported as either mean (SD) or
median (IQR) for continuous variables and n (%) for categorical variables. Statistical differences were evaluated using Mann–Whitney and χ2 tests as appropriate.

Table 1: Baseline characteristics of the initially included subjects and in the 1250 subjects with follow-up for at least one of the primary, secondary,
and CAVI are included in the prospective cohort.

Articles
contrast, the CAVI threshold of 8.3 in subjects <60 years
was not significantly associated with CV morbimortality
(Table 4).

CAVI progression
During follow-up, the median CAVI progression was
0.07 (−0.10 to +0.25)/year. Yearly CAVI progression was
inversely correlated with the baseline CAVI level
(R2 = 0.1035; Supplementary Fig. S3A) but not corre-
lated with age (R2 = 0.0014; P = 0.26; Supplementary
Fig. S3B). Nevertheless, yearly CAVI progression was
positively correlated with age within the two lower
baseline CAVI strata (<8 and 8–9), with a trend for a
positive correlation in the highest strata with baseline
CAVI > 9 (Supplementary Fig. S3C).
www.thelancet.com Vol ▪ ▪, 2024
To determine the univariate associations with con-
founding factors independently of baseline CAVI, CAVI
yearly progression was adjusted for baseline CAVI. In
this analysis, age and mean blood pressure were asso-
ciated with adjusted CAVI progression, and a trend was
observed for lipid-lowering treatment, in the univariate
analyses (Supplementary Table S4).

Multivariable regression to determine predictors of
CAVI progression adjusted for baseline-CAVI revealed
age, mean arterial blood pressure as well as anti-diabetic
and lipid-lowering treatment as independent predictors
of CAVI progression (Supplementary Table S5). In a
stratified analysis, the crude and age-adjusted baseline
CAVI was higher in the presence compared with the
absence of CVD (Supplementary Table S6). In contrast,
5
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Fig. 1: Kaplan Meier plots for cumulative (a) cardiovascular morbimortality and (b) all-cause mortality according to the CAVI stratum at baseline.
Red: CAVI > 9, blue: CAVI 8–9, and green: CAVI < 8.
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the CAVI progression adjusted for baseline CAVI was
similar between the groups (Supplementary Table S6).
Discussion
The findings of the present study point to CAVI strata
predicting of CV morbimortality and all-cause mortal-
ity in a population ≥40 years with increased prevalence
of CV risk factors. The predictive value of CAVI was
strongest in subjects ≥60 years, for who the CAVI
thresholds established in the present study remained
significant risk predictors even after adjustment of CV
risk factors. Finally, the CAVI progression was
All P

Cardiovascular morbimortality

CAVI 1U 1.17 (1.00–1.38) 0.051

Age (10 y) 1.57 (1.29–1.92) <0.0001

Female sex 0.80 (0.56–1.14) 0.22

All-cause mortality

CAVI 1U 1.21 (0.96–1.52) 0.10

Age (10 y) 2.78 (2.03–3.81) <0.0001

Female sex 0.42 (0.24–0.74) 0.003

Table 2: Age- and sex-adjusted Cox regressions for the HR for every 1-point in
(cardiovascular morbidity-mortality) and secondary (all-cause mortality) out
monitored and identified age and MAP as well as lipid-
lowering and anti-diabetic treatments as independent
determinants of CAVI progression underlying the
implications of CAVI as a measure of modifiable CV
risk.

The inclusion criteria in Triple A-Stiffness were wide
to be representative of the general population. More
than half of the population participated in the prospec-
tive part of the study. The follow-up cohort had higher
proportions of treatments and better hypertension and
dyslipidaemia management. It should however be noted
that only one third had prevalent CVD with lower
baseline CAVI, making it a suitable population for
≥60 years P <60 years P

1.27 (1.06–1.52) 0.009 0.98 (0.72–1.34) 0.89

1.76 (1.32–2.35) 0.0001 1.24 (0.69–2.22) 0.47

1.07 (0.70–1.65) 0.76 0.43 (0.21–0.86) 0.017

1.37 (1.10–1.71) 0.005 N/A

3.19 (2.14–4.75) <0.0001 N/A

0.49 (0.26–0.90) 0.021 N/A

crement in CAVI (CAVI 1U) and the individual co-variate for the primary
comes.

www.thelancet.com Vol ▪ ▪, 2024
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Fig. 2: Hazard ratios for cardiovascular (CV) morbimortality and all-cause mortality per 1 arbitrary unit (AU) CAVI increase from a fully adjusted
(Model 2) Cox analysis in the whole population and in age-stratified subgroups.

Articles
initiation of prevention in case CAVI would lead to
reclassification.

The stratification according to the CAVI in the
whole population revealed significantly increased
incidence of the primary endpoint CV morbimortality
and the secondary outcome of all-cause mortality in the
highest compared with the two lower strata. The CAVI
absolute values were substantially lower compared
with one of the first prospective CAVI study, which was
a single centre study including 400 subjects with
prevalent hypertension, diabetes, dyslipidaemia, or a
history of CV disease. The baseline CAVI was sub-
stantially higher compared with the present study, and
stratification by CAVI < 9; 9–10, and >10 showed an
approximately doubled risk for CVD event incidence in
the highest compared with the lowest CAVI groups
after adjustment for the unequal distribution of CV
risk factors between the groups.8 A meta-analysis of in
total 3 prospective trials comparing the highest and
lowest CAVI based on >10 vs <9, ≥9.9 vs <8, or ≥ vs <9
yielded an overall non-significant HR of 1.34.5 The
prospective CAVI-J study in an Asian population
showed significant increased HR for CV events and
all-cause mortality from a CAVI of 9.5 (vs lowest
Optimal
thresholdsa

C-index (CI 95%) for
CAVI > s

Cardiovascular
morbimortality

All 9.25 0.606 (0.559–0.653)

<60 years 8.30 0.565 (0.512–0.618)

≥60 years 9.25 0.598 (0.542–0.654)

All-cause mortality

All 9.60 0.667 (0.596–0.738)

≥60 years 9.95 0.659 (0.581–0.737)

aThe optimal threshold was determined by maximizing Harrell’s c-index.

Table 3: Optimal threshold for CAVI for each outcome for all and the
age subgroups (<60 years, ≥60 years).
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quintile at CAVI ≤ 7.55).9 The differences in the crude
analysis of CAVI strata in the present study hence ex-
tends previous observation of higher CAVI risk for CV
morbimortality and all-cause mortality to lower risk
populations with lower baseline CAVI and by showing
its applicability in non-Asian populations.

Cardiac causes represented more than half of the CV
morbimortality in the present study. For the CAVI-J trial
secondary outpoints, heart failure was among the
highest HR pointing to CAVI predicting a more than 3-
fold increased risk for heart failure hospitalization. This
is further supported by a small study of 154 subjects
with and without heart failure associated a baseline
CAVI > 9.56 with a an approximately 1.4-fold increase in
death or HF-related hospital admission during a mean
of 2.56 years follow-up.10 Increased CAVI is in addition
associated with subclinical cardiac affection detected on
echocardiography, in terms of increased left ventricular
mass and decreased systolic function.11

Cox regressions adjusting for age and sex, CV risk
factors, and pharmacological treatments identified a
significant association of CAVI with the primary
outcome measure of CV morbimortality. Findings are
consistent with a meta-analysis including 4 cohorts of
subjects with either metabolic disorders12–14 or coronary
artery disease,15 in which the overall risk increase was
20% per 1 CAVI arbitrary unit (AU) increment.5 The
most recent and largest multicentre prospective CAVI-J
trial of subjects with CV risk factors16 included 2938
subjects in Japan and showed per 1-point CAVI-
increment a 1.4-fold increased risk of composite CV
events in terms of CV death, myocardial infarction, and
stroke after a median follow-up of 4.9 years.9 The
strongest and significant association was observed in
subjects ≥60 years, which raises the notion of the
additional predictive value of CAVI in the risk assess-
ment of older subjects.

The optimal CAVI threshold for prediction of CV
morbimortality was also substantially higher in older
7
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Univariable model Model adjusted for age and
sex

Model adjusted for age and
sex + other clinical factorsa

HR P HR P HR P

Cardiovascular morbimortality

All CAVI > 9.25 2.53 (1.78–3.58) <0.0001 1.49 (0.99–2.23) 0.054 1.54 (1.02–2.34) 0.042

≥60 years CAVI > 9.25 2.17 (1.42–3.33) 0.0003 1.62 (1.02–2.56) 0.039 1.62 (1.00–2.62) 0.049

<60 years CAVI >8.30 0.80 (0.38–1.68) 0.56 0.68 (0.32–1.46) 0.33 0.69 (0.31–1.54) 0.37

All-cause mortality

All 5.03 (2.95–8.59) <0.0001 1.57 (0.85–2.90) 0.15 1.36 (0.70–2.64) 0.36

≥60 years 4.37 (2.43–7.87) <0.0001 2.06 (1.08–3.92) 0.028 2.29 (1.12–4.69) 0.023

aOther clinical factors included BMI, CV disease, smoker, MAP, diabetes, dyslipidemia and renal failure.

Table 4: Association of CAVI dichotomized (optimal threshold) with outcomes (CV morbimortality, total mortality) in Cox models.
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compared with younger subjects. Importantly, CAVI
superior to 9.25 was an independent predictor of CV
morbimortality after adjustment for CV risk factors.
These findings support the additional value of CAVI
evaluation for CV risk evaluation in European pop-
ulations, which have previously evoked in Asian pop-
ulations.9 The present study in addition extends the
previous findings of a significant risk prediction by
CAVI for both CV morbimortality and all-cause mor-
tality in a non-Asian general population with lower CV
risk and lower baseline CAVI measures. It should
however be noted that all-cause mortality analysis was
limited to subjects ≥60 years and that age dependent
CAVI thresholds may be applicable for CV morbi-
mortality risks evaluation.

The serial evaluation of CAVI in the present study
revealed a yearly progression of 0.07 CAVI AU.
Importantly, CAVI at baseline was the main determi-
nant of CAVI progression. Nevertheless, within CAVI
strata, age was a significant predictor of CAVI pro-
gression. This indicates that a low CAVI should be re-
evaluated for a continuous monitoring of reaching the
threshold for being considered as an additional CV risk
factor. When adjusting for baseline CAVI the present
study identified age and MAP as well as lipid-lowering
and anti-diabetic treatments as independent predictors
of CAVI progression. These findings provide a sug-
gestion that CAVI progression maybe a modifiable risk
factor. Statin-treatment is associated with a significant
reduction in arterial stiffness measured as aortic
augmentation index.17 In addition, serial CAVI
assessment for prediction of future CV events has
previously been shown in patients with coronary artery
disease.15 In contrast, no significant CAVI progression
was reported at 6 months in a study of patients with
significant carotid stenosis undergoing carotid artery
stenting.4

Caveats and limitations
The present study supports CAVI as a predictor of CV
morbimortality and identifies predictors of CAVI pro-
gression. There are however some limitations, which
should be acknowledged. First, the CV morbimortality
was only specified as cardiac, cerebrovascular, or
vascular, and 10% had a non-distinguishable primary
cause. Further studies are hence needed to provide a
more granular outcome analysis. Second, the younger
part of the population experienced fewer CV events and
low mortality, which indicates that larger studies are
needed to determine the predictive value of CAVI in
younger more healthier subjects. Third, the general
applicability of the findings in this population with a
high proportion of CV risk factors remains to be
established. Fourth, some CV events occurred before
the second CAVI measures, precluding an assessment
of the prognostic value of CAVI progression for CV
morbidity in the present study. Fifth, the multicentre
design of the study cannot exclude variations between
centres although previous studies have documented
high reproducibility for CAVI measures.18 In addition,
the study was preceded by a certification procedure to
ensure that all centres were performing CAVI mea-
surements homogeneously according to a standardized
method with high quality and reproducibility. Sixth, the
lack of validation cohort precluded the validation of
the predictive performance of having a CAVI above the
optimal threshold. Finally, methodological limitations of
the study design and analysis, including that no cau-
sality can be definitely attributed to the associations and
that unmeasured residual confounding, measurement
errors and variable exposure time to confounders,19 as
well as the possible selection bias in hazard ratios
cannot be excluded.

Conclusion
In conclusion, CAVI is evolving as a useful tool in CV
risk determination, with additional value after adjust-
ment for CV risk factors, in particular for subjects ≥60
years. In addition, the present study extends the estab-
lished associations of CAVI with prevalent CV risk fac-
tors, to CAVI progression being affected by CV risk
factors as well as being potentially modifiable by treat-
ments. The use of CAVI in cardiovascular risk predic-
tion and guidance merit further studies.
www.thelancet.com Vol ▪ ▪, 2024
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