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Objective: The relative usefulness of arterial stiffness
parameters on renal function remains controversial. This
study aimed to compare the predictive ability of three
arterial stiffness parameters at baseline; cardio-ankle
vascular index (CAVI), heart–ankle pulse wave velocity
(haPWV) and CAVI0, a variant of CAVI that theoretically
excludes dependence on blood pressure, for renal function
decline in Japanese general population.

Methods: A total of 27 864 Japanese urban residents
without renal impairment at baseline who participated in
two to eight consecutive (mean 3.5�1.7 times) annual
health examinations were studied.

Results: During the study period, 6.6% of participants
developed renal function decline (estimated glomerular
filtration rate <60ml/min per 1.73m2), all of whom had
relatively high values in all arterial stiffness parameters. In
receiver-operating characteristic curve analysis, the
discriminatory power for renal function decline showed a
decreasing trend of CAVI to haPWV to CAVI0 (C-statistic:
0.740 vs. 0.734 vs. 0.726). The cut-offs were CAVI 8.0,
haPWV 7.23 and CAVI0 11.6. In Cox-proportional hazards
analysis for increase of each parameter above cut-off or by
1 standard deviation (SD) adjusted for two models of
confounders, only CAVI always contributed significantly to
renal function decline. Restricted cubic spline regression
analysis suggested that CAVI most accurately reflected the
risk of renal function decline.

Conclusion: Increase in arterial stiffness parameters,
especially CAVI, may represent a major modifiable risk
factor for renal function decline in the general population.
Further research is needed to examine whether CAVI-
lowering interventions contribute to the prevention of
chronic kidney disease.

Keywords: arterial stiffness parameter, cardio-ankle
vascular index, cardio-ankle vascular index0, pulse wave
velocity, renal function decline

Abbreviations: BP, blood pressure; CAVI, cardio-ankle
vascular index; CKD, chronic kidney disease; CVD,
cardiovascular disease; eGFR, estimated glomerular
filtration rate; FPG, fasting plasma glucose; haPWV,
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heart–ankle pulse wave velocity; HDL-C, high-density
lipoprotein-cholesterol; IDI, integrated discrimination
improvement; IQR, interquartile range; LDL-C, low-density
lipoprotein cholesterol; NRI, net reclassification
improvement; Pd, diastolic pressure; Ps, systolic pressure;
ROC, receiver-operating-characteristic; SD, standard
deviation; DP, Ps, �Pd
INTRODUCTION
C
hronic kidney disease (CKD) is a public health
problem characterized by structural and functional
abnormalities in the kidney [1]. Diabetes mellitus,

hypertension, obesity and smoking are common risk factors
that contribute to CKD [2]. Major complications of CKD
include anemia, cardiovascular disease (CVD), renal osteo-
penia, andmetabolic acidosis, which are major contributors
to increasedmorbidity andmortality. However, CKD can be
detected by routine clinical examination, and treatment can
prevent the progression of the disease, and improve sur-
vival and quality of life.

Systemic arterial stiffening is a feature of the aging
process, and is associated with various atherosclerotic
diseases including CKD [3,4]. Increased arterial stiffness
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Predictability of CAVI for renal impairment
reflects lower vascular distensibility, and may be a potential
therapeutic target for cardiometabolic complications. In
particular, increased arterial stiffness in CKD has been
found to be primarily because of decreased renal excretion
of vascular toxins, maladaptation of metabolic and hormon-
al processes and consequently causing premature vascular
aging [5]. Furthermore, arterial stiffness may even reflect the
upstream pathogenesis of CKD. Pulse wave velocity (PWV),
a traditional arterial stiffness parameter, has been reported
to predict renal function decline before the onset of ad-
vanced renal dysfunction, suggesting that arterial stiffness
may be a target for renal protection [6]. However, PWV is
essentially affected by blood pressure (BP) at the time of
measurement [7,8], and thus, may underestimate the degree
of vascular dysfunction caused by CVD risks other than
hypertension. In fact, a multicenter longitudinal study per-
formed in a large European population revealed that carot-
id–femoral PWV was unnaturally more associated with
hypertension than with glucose intolerance and dyslipide-
mia [9]. In addition, the BP-dependent arterial stiffness
parameter hampers the assessment of the effects of antihy-
pertensive drugs on vascular function. To overcome this
problem, the cardio-ankle vascular index (CAVI) has been
established [10,11]. CAVI reflects the stiffness of the whole
arterial tree constituting the aorta, femoral artery and tibial
artery. This parameter was originally derived from the
stiffness parameter b proposed by Hayashi et al. [12] and
Kawasaki et al. [13]. The theory of stiffness parameter bwas
applied to a length of artery using Bramwell–Hill’s equation
[14]. The fact that CAVI is independent of BP at the time
of measurement has been confirmed both theoretically
and experimentally [15,16]. Furthermore, CAVI has been
reported to be an independent predictor of not only
CVD events [17,18] but also renal function decline in
Japanese general population [19,20]. Recently, however,
Spronck et al. [21] have disputed that CAVI is inherently
dependent on BP at the time of measurement, and pro-
posed CAVI0 as a variant form of CAVI that theoretically
excludes dependence on BP. Their claim is based on two
reasons. First, b of the Kawasaki’s equation is not equal to
the BP-independent b in Hayashi’s equation as reference
pressure is substituted by diastolic pressure in Kawasaki’s
equation. Second, ln (Ps/Pd)/DP (Ps, systolic pressure; Pd,
diastolic pressure; DP, Ps�Pd) in the CAVI formula is
approximated by linearization, and thus presents a prob-
lem. In the CAVI0 formula proposed by these investigators,
only Pd is used in the CAVI0 formula, not both Ps and Pd.
However, we have pointed out that this change may have a
risk of underestimation by CAVI0 in subjects with elevated
Pd [16]. Thus, although the theoretical BP dependence in
arterial stiffness parameters has been discussed in depth in
recent years, there are insufficient longitudinal clinical
studies to determine the superiority or inferiority of
those parameters.

In this report, we compare the predictive ability of the
three arterial stiffness parameters; haPWV, CAVI and CAVI0,
for renal function decline in a large sample from the
Japanese general population, and discuss the causes of
the differences in ability as well as the significance of
arterial stiffness measurement for predicting or preventing
renal function decline.
Journal of Hypertension
MATERIALS AND METHODS

Participants and design
We performed a retrospective cohort study in Japanese
urban residents who underwent annual health examina-
tions between 2010 and 2018.

Ethics approval and consent to participate
The protocol of the study was prepared in accordance with
the Declaration of Helsinki, and this study was approved by
the Institutional Review Board and Ethics Committee of
Sakura Hospital, School of Medicine, Toho University (No.
S20091). Written informed consent for the examinations
was obtained from the participants, and informed consent
to participate in this study was obtained by opt-out method.

Data collection
The population-based sample used in this retrospective
cohort analysis consisted of 34 662 Japanese residing in
major cities nationwide, who participated in the annual
CVD and cancer screening program organized by the Japan
Health Promotion Foundation, and had undergone two to
eight consecutive annual examinations between 2010 and
2018. The participants were volunteers who were not paid
and were not recruited for this study (unlike individuals of a
clinical trial). Of the 34 662 individuals who were assessed
for eligibility, those with inadequate data (N¼ 5062) and
those with estimated glomerular filtration rate (eGFR) less
than 60ml/min per 1.73m2 at baseline (N¼ 1736) were
excluded. Finally 27 864 individuals who participated in a
mean of 3.5� 1.7 consecutive annual examinations were
enrolled in the study (Fig. 1).

All parameters were assessed using standardized meth-
ods. Height and body weight were measured, and BMI was
calculated as follows: body weight (kg) divided by square
of height (m). Blood samples were collected from the
antecubital vein in the morning after 12 h of fasting to
measure fasting plasma glucose (FPG), triglycerides and
high-density lipoprotein cholesterol (HDL-C). Low-density
lipoprotein-cholesterol (LDL-C) was calculated using Frie-
dewald formula: LDL-C¼ total cholesterol (TC)� (HDL-
C)� (TG/5).

The eGFRwas calculated by the following equation from
the Japanese Society of Nephrology [22]:

eGFR (ml/min per 1.73m2)¼ 194� creatinine�1.094�
age�0.287 (�0.739 if female).

Renal function decline was defined as eGFR less than
60ml/min per 1.73m2, corresponding to GFR category 3a or
worse [23].

Spot urine samples were collected and used for uri-
nalysis by dipstick method. Urinalysis results were
recorded as (�), (�), (1þ), (2þ) and (3þ). Proteinuria
was defined as urinary protein (1þ) or above, which
corresponds to a urine protein level of 30mg/dl
or higher.

Current smoking and habitual alcohol consumption
status were determined by a questionnaire. Habitual alco-
hol consumption was defined as daily drinking. Whether
the individuals were receiving current treatment for each
metabolic disorder (hypertension, diabetes mellitus and
dyslipidemia) was also investigated.
www.jhypertension.com 1295



Assessed for eligibility

(N = 34 662)

Excluded due to

・insufficient data (N = 5062)

・eGFR < 60 ml/min per 1.73m2 (N = 1736)

Individuals with renal function decline

N = 1837 (6.6%)

Subjects without renal function decline

N = 26 027 (93.4%)

Follow-up: 2 to 8 consecutive

(3.5 ± 1.7 times) annual examinations

Enrolled

N = 27 864 (100%)

FIGURE 1 Flow diagram of study participants.
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Measurement of arterial stiffness parameters
and blood pressure
All the arterial stiffness parameters were automatically
calculated using VaSera VS-1500 (Fukuda Denshi Co Ltd,
Tokyo, Japan).

The CAVI was calculated by the following formula [10]:
CAVI¼a{2r� ln(Ps/Pd)/DP�PWV2}þ b, where s is SBP;

Pd is (DBP; DP is Ps�Pd; r is blood density; PWV is cardio-
ankle pulse wave velocity, and a and b are constants.

Additionally, CAVI was converted to CAVI0 by the fol-
lowing formula [24]:

CAVI0¼ (CAVI� b)/a� (Ps/Pd� 1)/ln (Ps/Pd)� ln(Pd/
Pref), where Pref is reference pressure¼ 100mmHg.

Moreover, haPWV was calculated by the following for-
mula [25]:

haPWV¼ Lha/(ThbþTba), where Lha is the arterial path
length from the aortic annulus to the midpoint of the right
ankle cuff estimated by the individuals’ height; Thb is the
time interval between the commencement of the second
heart sound and the dicrotic notch on the right brachial
arterial pressure wave; and Tba is the ’foot-to-foot’ time
interval between brachial and posterior-tibial arterial
pressure waves.

The cuffs were wrapped around the upper arms and
ankles of an individual in supine position with the head
in the midline position. Examination was started after
5min of rest. When detecting pulse waves in the upper
arms and ankles with cuffs, a low cuff pressure of
30–50mmHg was used to minimize the influence of cuff
pressure on hemodynamics. BP was measured from the
upper arm cuffs.

We compared the ability of these three arterial stiffness
parameters at baseline to predict renal function decline.
1296 www.jhypertension.com
Statistical analysis
The SPSS software (version 27.0.1; IBM, Armonk, New
York, USA) or EZR (version 1.54, Saitama Medical Center,
Jichi Medical University, Saitama, Japan) [26] was used for
statistical analyses. All data are expressed as median [inter-
quartile range (IQR)]. Mann–Whitney U test or Fisher’s
exact test was performed to examine differences in baseline
characteristics between individuals with and those without
renal function decline. Spearman’s product-moment corre-
lation coefficient (r) was used to examine the relationship
between clinical variables. Sensitivity and specificity of
arterial stiffness parameters to predict renal function decline
were analyzed using conventional receiver-operating-char-
acteristic (ROC) curves. The ROC curve and Youden’s J
Index [J is defined as the maximum of (sensitivityþ
specificity� 1) to provide the cut-off point in the ROC
curve] [27] were generated to evaluate the discriminatory
power and select the cut-off value for an arterial stiffness
parameter to predict renal function decline. Concordance
statistics (C-statistics) that reflect the discriminatory power
of three arterial stiffness parameters to predict renal func-
tion decline were compared. Additionally, we calculated
the continuous net reclassification improvement (NRI) and
integrated discrimination improvement (IDI) to compare
the contribution of the parameters to renal function decline.
Cox-proportional hazards analysis was performed to iden-
tify the contribution of the variables to renal function
decline, and the result is expressed as hazard ratio with
95% confidence interval (95% CI). Restricted cubic splines
were used to detect the nonlinear dependency of the
relationship of the risk of renal function decline and arterial
stiffening, using five knots at prespecified locations accord-
ing to the percentiles of the distribution for each arterial
Volume 40 � Number 7 � July 2022



TABLE 1. Comparison of baseline clinical and biochemical characteristics in individuals with and those without renal function decline
during the study period

Individuals without renal function decline Individuals with renal function decline

Variables (N¼26027) (N¼1837) P value

Male sex (%) 44.2 47.1 0.018�

Age (years) 45 (36–56) 61 (52–68) <0.001

Height (m) 1.62 (1.56–1.70) 1.61 (1.55–1.68) <0.001

BMI (kg/m2) 21.9 (19.9–24.3) 22.9 (20.8–24.9) <0.001

SBP (mmHg) 116 (107–127) 126 (113–138) <0.001

DBP (mmHg) 72 (65–80) 78 (70–86) <0.001

CAVI 7.5 (6.9–8.2) 8.4 (7.7–9.1) <0.001

haPWV 6.89 (6.36–7.61) 7.84 (7.14–8.54) <0.001

CAVI0 10.7 (9.7–12.0) 12.5 (11.0–14.2) <0.001

FPG (mg/dl) 85 (80–91) 89 (84–97) <0.001

LDL-C (mg/dl) 121 (100–144) 130 (109–150) <0.001

HDL-C (mg/dl) 67 (56–81) 63 (53–77) <0.001

TG (mg/dl) 78 (55–117) 96 (69–139) <0.001

Creatinine (mg/dl) 0.68 (0.59–0.81) 0.77 (0.69–0.92) <0.001

eGFR (ml/min per 1.73m2) 82.5 (74.6–92.0) 65.6 (62.6–69.6) <0.001

Proteinuria (%) 5.0 7.4 <0.001�

Current smoking (%) 35.1 32.9 0.061�

Habitual alcohol drinking (%) 34.2 33.1 0.331�

Receiving treatment for
Hypertension (%) 5.4 22.8 <0.001�

Diabetes mellitus (%) 3.9 6.8 <0.001�

Dyslipidemia (%) 6.0 15.1 <0.001�

Data are presented as median (interquartile range). Mann–Whitney U test and �Fisher’s exact test were used to compare individuals who did and those who did not develop renal
function decline defined as eGFR less than 60ml/min per 1.73m2 during the study period. CAVI, cardio-ankle vascular index; eGFR, estimated glomerular filtration rate; FPG, fasting
plasma glucose; haPWV, heart–ankle pulse wave velocity; HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol; TG, triglyceride.

Predictability of CAVI for renal impairment
stiffness parameter: the 5th, 27.5th, 50th, 72.5th and 95th
percentiles (using package ’rms’ for R version 3.6). The
analyses were carried out using R with ‘rms’ package. In all
comparisons, two-sided P values less than 0.05 were con-
sidered statistically significant.

RESULTS

Comparison of baseline clinical and biochemical
characteristics in individuals with and without
renal function decline during the study period
Of the 27 864 participants, 1837 (6.6%) developed renal
function decline during the study period. Table 1 compares
the baseline clinical characteristics of participants who did
and those who did not develop renal function decline.
Individuals with renal function decline were found to have
higher male ratio, age, BMI, BP, CAVI, haPWV, CAVI0, FPG,
LDL-C, triglycerides, creatinine, frequency of proteinuria
and frequencies of current treatment for hypertension/
diabetes/dyslipidemia; and lower HDL-C and eGFR.

Spearman’s product-moment correlation
coefficient matrix
The correlation between clinical variables and arterial stiff-
ness parameters at baseline are presented in Fig. 2. In
simple linear regression analyses, CAVI corrected positively
and very strongly with CAVI0 and with haPWV, and CAVI0
correlated strongly with haPWV. All three arterial stiffness
parameters correlated positively with age, BP, FPG, triglyc-
erides and LDL-C; and negatively with eGFR. Especially,
haPWV showed the strongest correlation with BP, followed
by CAVI and CAVI0, in that order.
Journal of Hypertension
Comparison of association between arterial
stiffness parameters and renal function decline
ROC curve was generated to assess the discriminatory
power and select the cut-off value of each arterial stiffness
parameter for renal function decline. All three arterial
stiffness parameters had C-statistics over 0.7, and therefore,
had good discriminatory power. The cut-off values of CAVI,
haPWV and CAVI0 for predicting renal function decline
were 8.0, 7.23 and 11.6, respectively (Table 2a). These cut-
offs were used in the subsequent Cox-proportional hazards
analyses presented in Table 3. The discriminatory powers
of the three parameters were then compared using C-
statistic comparison, NRI and IDI (Table 2b). Results of
the analyses showed that CAVI was most strongly associated
with renal function decline, followed by haPWV and CAVI0,
in that order. Only in the C-statistic comparison between
haPWV and CAVI0 was there no significant difference.

Adjusted hazard ratio of each arterial stiffness
parameter for renal function decline
In the next analysis, the contribution of each arterial stiff-
ness parameter (increase above cut-off or by 1 SD) to renal
function decline was assessed using Cox-proportional haz-
ards analysis (Table 3). Among the clinical variables that
showed a significant difference in the comparison shown in
Table 1, those factors that did not show collinearity were
selected as confounders. Model 1 included age, sex, BMI,
proteinuria, SBP, FPG and HDL-C as confounders. In model
2, in addition to age, sex, BMI and proteinuria, treatments
for hypertension, diabetes and dyslipidemia replaced SBP,
FPG and HDL-C in model 1. In this analysis, an increase of
CAVI above the cut-off point or by 1 SD contributed
www.jhypertension.com 1297
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significantly and independently to renal function decline in
both models 1 and 2. On the other hand, an increase of
haPWV above the cut-off point did not contribute to renal
function decline in model 1. As for the CAVI0, only an
increase of CAVI0 above the cut- off point contribute to
renal function decline in model 2.

Restricted cubic spline for renal function
decline
Restricted cubic splines of the three arterial stiffness pa-
rameters for renal function decline are shown in Fig. 3. As
the arterial stiffness parameter is affected by metabolic
disorders and their treatments, only gender and age were
included as confounders in this analysis. CAVI0 showed no
significant linear relationship with renal function decline,
for the overall data and also for the data above and below
TABLE 2. Comparison of associations of arterial stiffness parameters

(a)

C-statistics (95% CI) P value

CAVI 0.740 (0.729–0.751) <0.001

haPWV 0.734 (0.722–0.775) <0.001

CAVI0 0.726 (0.714–0.738) <0.001

(b)

P value for C-statistics NRI (95% CI)

CAVI vs. haPWV 0.038 0.159 (0.112–0.206)

CAVI vs. CAVI0 <0.001 0.477 (0.430–0.523)

haPWV vs. CAVI0 0.095 0.201 (0.154–0.248)

(a) Discriminatory powers and cut-off values of arterial stiffness parameters for renal function d
stiffness parameter. (b) Comparisons of discriminatory power between arterial stiffness paramet
haPWV, heart–ankle pulse wave velocity; IDI, integrated discrimination improvement; NRI, net r
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the cut-off point (Fig. 3c). On the other hand, CAVI (Fig. 3a)
and haPWV (Fig. 3b) showed a significant positive linear
relationship with renal function decline overall, and espe-
cially for the data above the respective cut-off points. Below
the cut-off value (8.0), the risk of renal function decline
tended to be reduced as CAVI decreased (P¼ 0.099). On
the other hand, the spline of haPWV was the most linear of
the three parameters, but the range of relative hazard was
narrower compared with the other two parameters, and
lower haPWV was not significantly associated with lower
risk of renal function decline (P¼ 0.891).
DISCUSSION

In the present study, 6.6% of participants developed renal
function decline during the study period, and all arterial
with renal function decline

Cut-off Sensitivity Specificity

8.0 0.672 0.690

7.23 0.726 0.632

11.6 0.657 0.688

P value for NRI IDI (95% CI) P value for IDI

<0.001 0.004 (0.002–0.006) <0.001

<0.001 0.007 (0.006–0.009) <0.001

<0.001 0.003 (0.004–0.006) 0.023

ecline. Youden index was used to select the optimum cut-off point for each arterial
ers for renal function decline. CAVI, cardio-ankle vascular index; CI, confidence interval;
eclassification improvement.
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TABLE 3. Adjusted hazard ratios of arterial stiffness parameters for renal function decline

CAVI haPWV CAVI0

�8.0 1SD increase �7.23 1SD increase �11.6 1SD increase

Model 1 1.182 1.115 1.120 1.144 1.147 1.023

(1.010–1.383)� (1.039–1.197)� (0.946–1.325) (1.050–1.246)� (0.985–1.336) (0.968–1.080)

Model 2 1.188 1.108 1.238 1.115 1.151 1.023

(1.043–1.353)� (1.041–1.179)� (1.088–1.409)� (1.054–1.179)� (1.014–1.306)� (0.974–1.074)

Hazards ratios (95% confidence interval) estimated using Cox-proportional hazards analyses are shown. Renal function decline is defined as eGFR less than 60ml/min per 1.73m2 during
the study period. Model 1: confounders include age, sex, BMI, proteinuria, SBP, FPG and HDL-C. Model 2: confounders include age, sex, BMI, proteinuria, and treatments for
hypertension, diabetes and dyslipidemia. CAVI, cardio-ankle vascular index; haPWV, heart–ankle pulse wave velocity; SD, standard deviation.
�P less than 0.05.

Predictability of CAVI for renal impairment
stiffness parameters showed elevated values in individuals
with renal function decline. In ROC curve analysis, CAVI
had the strongest discriminatory power for renal function
decline, followed by haPWV and CAVI0, in that order. In
four types of Cox-proportional models for renal function
decline adjusted for confounders, CAVI0 was extracted as a
significant contributor in one and haPWV in three, whereas
CAVI was a significant contributor in all models. Restricted
cubic splines suggest that CAVI may be the most accurate
index among the three in reflecting the risk of renal function
decline. The novelty of this retrospective cohort study is the
comparison by various approaches of the abilities of three
different arterial stiffness parameters in predicting renal
impairment. In summary, haPWV, a remarkable BP-depen-
dent arterial stiffness parameter, was more predictive of
renal function decline than CAVI0, which has been pro-
posed to completely eliminate BP dependence in theory.
However, CAVI was most strongly associated with renal
function decline compared with haPWV and CAVI0.

Although the present study showed that both CAVI and
haPWV were predictors of renal function decline in Cox-
proportional hazards analyses, area under the curve in ROC
FIGURE 3 Restricted cubic splines for renal function decline. Association between each
(solid line) and 95% CI (shaded area). Renal function decline was defined as eGFR less th
hazards model of renal function decline were modeled using restricted cubic splines with
and sex. Median value of risk for renal function decline was considered the reference (h
stiffness parameter. CI, confidence interval; eGFR, estimated glomerular filtration rate; SD

Journal of Hypertension
analysis, NRI and IDI revealed that CAVI had better dis-
criminatory power for renal function decline compared
with haPWV and CAVI0. Specifically, predictive perfor-
mance of haPWV for renal function decline was lower
compared with CAVI, despite many individuals with high
haPWV showed relatively increased BP at the time of
measurement. This result is consistent with our previous
study showing that CAVI was more strongly associated than
haPWV with mortality in hemodialysis patients [28]. The
relatively weak predictive performance of haPWV for renal
function decline compared with CAVI may be because of
the underestimation of atherogenic risk factors other than
elevated BP.

The NRI of CAVI relative to haPWV or CAVI0 shown in
Table 2b represents net increase in the proportion of
individuals assigned a more appropriate risk for renal
function decline under CAVI, respectively. The percentage
of individuals with renal function decline correctly reclas-
sified by CAVI was 15.9% (95% CI 11.2–20.6%) compared
with haPWV, and 47.7% (95% CI 43–52.3%) compared with
CAVI0. Continuous NRI used in the present study defines
any change in predicted probability for renal function
arterial stiffness parameter and renal function decline is presented as hazard ratio
an 60ml/min per 1.73m2 during the study period. Results from Cox-proportional
five knots (the 5th, 27.5th, 50th, 72.5th and 95th percentiles), adjusted for age

azard ratio¼1). The x-axis is expressed as the mean�2SD range of each arterial
, standard deviation.
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decline as either upward or downwardmovement, whereas
IDI considers a weight for each movement and is equal to
the difference in discrimination slopes. Resultantly, im-
provement in classification accuracy of CAVI was mitigated
by IDI, whereas it remained statistically significant. How-
ever, the result of ROC analysis, NRI and IDI does not
necessarily guarantee the more effective clinical relevance
of CAVI, and large-scale prospective cohort studies are
needed in the future.

The superiority of CAVI compared with the other two
parameters identified in the present study seems to be
inconsistent to the findings of Spronck et al. [29] compared
the same three arterial stiffness parameters in 154 individu-
als. They reported that the predictive ability of the compos-
ite endpoint [death (n¼ 21) and heart failure hospitalization
(n¼ 18)] showed a decreasing trend of haPWV to CAVI to
CAVI0, and the investigators attributed these results to the
increasing amount of BP correction of the parameters.
However, from their hazard ratio data, as the 95% CIs of
the three indices overlapped, it is not necessarily valid to
determine the superiority of the arterial stiffness parameters
based on the slight differences in hazard ratio. Furthermore,
the composite endpoint used in their study is not necessar-
ily related to vascular dysfunction. In addition, the number
of endpoints examined was small, and the confounders
used in the Cox-proportional hazards analysis did not
include age and sex ratio.

As for the relationship between CAVI and BP measure-
ment, the independence of CAVI on BP at the time of
measurement has been confirmed in vivo in human indi-
viduals. Shirai et al. [15] demonstrated that administration of
metoprolol, a selective b1-blocker, did not change CAVI
while the drug decreased BP, whereas administration of
doxazosin, a selective a1-blocker, induced decreases in
bothBP andCAVI. Furthermore,Mestanik et al. [30] reported
that the cold pressor test transiently increased CAVI but did
not change CAVI0. The cold pressor test is known to induce
arterial smooth muscle contraction through sympathetic
activation [31]. Accordingly, these data indicate that while
CAVI is unaffected by acute BP fluctuation, it is influenced
by short-term arterial smooth muscle contraction, while
CAVI0 does not change by arterial smooth muscle contrac-
tion. In other words, unlike CAVI0, CAVI indicates not only
organic stiffness but also functional stiffness.

Spronck et al. [21] have proposed CAVI0 as a variant of
CAVI that theoretically corrects even more strongly for the
dependence on BP. CAVI and CAVI0 are based on the
stiffness index b and a wave equation derived from New-
ton’s second law. The major difference between CAVI and
CAVI0 is that CAVI employs b over a range of diastolic to
systolic pressures, whereas CAVI0 employs b at only dia-
stolic pressure. This difference in structural formula may
induce a divergence between CAVI and CAVI0. Indeed,
CAVI values of Japanese hypertensive individuals were
higher than those of normotensive individuals in both
men and women but CAVI0 values in young hypertensive
women was significantly lower than those of young nor-
motensive women; showing unexplainable data [16]. Also,
in simple and multiple regression analysis, CAVI0 showed a
negative relationship with Pd. We sought explanations for
these unnatural results. There is no problem with the CAVI0
1300 www.jhypertension.com
formula itself. Both CAVI and CAVI0 are calculated from
haPWV, the value of which differs depending on the BP at
the stage of the cardiac cycle when measurement is made
(Pd to Ps). CAVI0 is based on PWV at Pd, from the inves-
tigators’ assumption that foot-to-foot haPWV corresponds
to PWV at Pd [21]. However, CAVI has been proven and
verified to correspond to PWV measured at the mid-point
BP (Pm) between Pd and Ps [16,32], and not at Pd. Using only
Pd and not Pm in CAVI0 created incongruous measurements
in some participants populations. Furthermore, a recent
review published by Giudici et al. [33] suggested that use of
Pd in CAVI0 resulted in unexpected findings: negative
correlation between CAVI0 and Pd and the lower CAVI0
in young hypertensive women compared with normoten-
sive individuals. However, while they admitted that the
haPWV-relevant BP was not Pd, they calculated it to be
much closer to Pd than to Pm. They estimated the haPWV-
relevant BP to be 0.91�Pdþ 0.09�Ps. To calculate this,
they assumed that the pulse wave transit time from the heart
to brachium (tb) and the foot-to-foot time difference be-
tween the brachial pulse wave and ankle pulse wave (tba)
to be 56 and 228 ms, respectively. However, their figures
are far different from the actual measured values of tb
(81.78� 11.26ms) and tba (90.27� 14.65ms) (data of Japan
Health Promotion Foundation; values of tb and tba
recorded from 13 444 individuals between November
2005 and March 2007). Therefore, the formula for estimat-
ing haPWV-relevant BP is incorrect, and there is no basis for
the claim that the BP is almost Pd. Also, they claim that the
negative correlation with BP is because of high pulse
pressure among the individuals with lower Pd, who are
supposed to have stiffer blood vessels [29]. However, a
negative relationship is observed even in healthy people
with pulse pressure less than 50mmHg [34]. The negative
relationship between CAVI0 and BP cannot be explained by
high pulse pressure, but is just because of the incorrect
values. However, although the clinical significance of
CAVI0 is questionable, it provides valuable opportunity
to review the mathematical meaning and deepen the dis-
cussions in this field.

Increased CAVI reflects not only organic lesion in the
macrovessels but also microcirculatory disorders induced
by inflammation and oxidative stress [11,19]. Therefore,
vascular aging indicated by elevated CAVI may lead to
renal function decline via damage in the microvasculature.
On the other hand, previous study has shown the possibility
that appropriate treatments and behavior modification may
decrease CAVI [11]. In addition to the management of
metabolic disorders, other approaches including smoking
cessation [35], treatment of periodontitis [36], improvement
of sleep duration [37] and continuous positive airway pres-
sure for obstructive sleep apnea [38] may contribute to the
improvement of CAVI. Therefore, the risk of renal function
decline in individuals with high CAVI may also be reduced
through reduction of CAVI by therapeutic approaches
appropriate to the underlying cause.

A limitation of the present study is that our findings may
not be generalized to other ethnic groups. Further research
is needed to address this issue and to confirm whether
therapeutic approaches to reduce CAVI decrease the risk of
developing end-stage renal disease and CVDs.
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In conclusion, elevated arterial stiffness parameters,
especially CAVI, may represent a major modifiable risk
factor for renal function decline in the general population.
Further research is needed to examine whether CAVI-
lowering interventions contribute to prevention of chronic
kidney disease.
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