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BACKGROUND
Our aims were to assess whether arterial stiffness is associated with 
a higher risk for kidney dysfunction among persons without chronic 
kidney disease (CKD).

METHODS
We analyzed data from the national health checkup system in Japan; 
for our analyses, we selected records of individuals who completed 
assessments of cardio-ankle vascular index (CAVI) and kidney func-
tion from 2005 to 2016. We excluded participants who had CKD at 
baseline, defined as the presence of proteinuria or estimated glo-
merular filtration rate (eGFR) <60  ml/min/1.73 m2. We compared 
2 groups of CAVI measurements—the highest quartile (≧8.1) and 
the combined lower 3 quartiles (<8.1). We used Cox proportional 
hazards models to assess associations between these 2 groups and 
subsequent CKD events, proteinuria, eGFR <60 ml/min/1.73 m2, and 
rapid eGFR decline (greater than or equal to −3 ml/min/1.73 m2 per 
year).

RESULTS
The mean age of the 24,297 included participants was 46.2 years, and 
60% were female. Over a mean follow-up of 3.1 years, 1,435 CKD events 
occurred. In a multivariable analysis, the hazard ratios with 95% con-
fidence intervals (CIs) for the highest vs. combined lower quartiles of 
CAVI measurements were 1.3 (1.1, 1.5) for CKD events, 1.3 (0.96, 1.62) 
for proteinuria, 1.4 (1.1, 1.7) for eGFR <60 ml/min/1.73 m2, and the odds 
ratio with 95% CI was 1.3 (1.1, 1.4) for rapid eGFR decline.

CONCLUSIONS
Persons with CAVI measurements ≧8.1 had a higher risk for CKD events 
compared with their counterparts with CAVI measurements <8.1. 
Greater arterial stiffness among adults without CKD may be associated 
with kidney dysfunction.
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The kidneys filter a high volume of blood but have low vas-
cular resistance to flow. Consequently, the kidneys are vul-
nerable to barotrauma when they are subjected to excessive 
pulsatile flow arising from aortic stiffness.1–3 Associations 
of aortic stiffness with chronic kidney disease (CKD), in-
cluding albuminuria and low estimated glomerular filtra-
tion rate (eGFR), have been reported.4–11 However, prior 
studies recruited high-risk populations (e.g., participants 
with hypertension, diabetes, or a history of cardiovascular 
disease (CVD)) and individuals with CKD.5–10 The noted 
comorbidities themselves might lead to both arterial stiff-
ness and decline in kidney function over time. Furthermore, 
arterial stiffness typically was estimated from pulse wave 
velocity (PWV),4–11 a measure that is influenced by blood 
pressure (BP) levels at the time PWV is obtained.

Stiffness parameter β is a measure of arterial stiffness. 
Stiffness parameter β may be less likely than PWV to be 
influenced by BP levels at the time measurements are 
taken.12 Stiffness parameter β has been used to develop 
a measure of arterial stiffness that is available in clinical 
practice—the cardio-ankle vascular index (CAVI).13–16 
CAVI has been shown to be associated with a higher 
risk for incident CVD events, independent of cardiovas-
cular risk factors.17,18 However, no studies have assessed 
the association between CAVI and incident CKD events. 
If CAVI measurements are associated with CKD risk, 
this would suggest that CAVI could be used to identify 
individuals at high risk for CKD events and who may ben-
efit from nonpharmacological and pharmacological pre-
ventive interventions.

Using a database of participants who participated in the 
national health checkup program in Japan,19 we determined 
whether CAVI measurements among those without CKD 
are associated with kidney outcomes in later life.

METHODS

The data that support the findings of this study are 
available from the corresponding author upon reasonable 
request. In Japan, the Industrial Safety and Health Law 
requires employers to provide annual health checkups 
to their employees. The current prospective longitu-
dinal study was conducted within this context by the 
Japan Health Promotion Foundation (see Supplemental 
Material online). For the current analyses, we selected 
records of individuals who enrolled in the study between 
October 2005 and March 2015 and (i) completed con-
current assessments of CAVI and covariates during their 
baseline visit and (ii) had kidney function assessments on 
at least 2 occasions (i.e., at baseline and from at least 1 
follow-up visit after the baseline visit and before March 
2016). These selection criteria yielded a final data set of 
records from 25,653 participants for our analyses. Our 
analysis excluded participants under 18 years of age (since 
written informed consent was not obtained from these 
participants’ parents), and participants who had CKD at 
the baseline examination. Specific examples for this ap-
proach are shown in Supplementary Figure S1 online. All 
participants provided written informed consent at each 

study visit, and the Institutional Review Boards of the 
Kawasaki Medical School approved the protocol.

BP and other measurements

Trained medical staff measured BP 2 times from the 
brachial artery in each participant’s right arm at 1-minute 
intervals after the participant had been sitting in a quiet 
room for 5 minutes. A standard mercury sphygmomanom-
eter was used for measurements obtained before June 2013, 
and a validated automatic oscillometric device (HBP-1300, 
OMRON, Kyoto, Japan)20 was used after July 2013. A des-
ignation of hypertension was applied to persons having an 
average systolic BP ≥140 mm Hg or diastolic BP ≥90 mm 
Hg, persons using antihypertensive medication, or persons 
with a self-reported history of hypertension.21

Other data were collected using standardized protocols 
(see the Data Supplement online) and included height; 
weight; smoking; medication use; self-reported history of 
hypertension, diabetes, or CVD; and fasting laboratory 
values. History of hypertension, diabetes, or CVD was 
assessed for each participant using a standardized ques-
tionnaire (i.e., “Have you ever been diagnosed as having 
hypertension, diabetes, or CVD?”). Questionnaires re-
garding the use of BP- or glucose-lowering medication 
were also administered. Serum creatinine and spot urine 
specimens were collected on at least 2 occasions for each 
participant. Serum creatinine was assayed using an enzy-
matic method. eGFR was derived using the Chronic Kidney 
Disease Epidemiology Collaboration (CKD-EPI) equation 
modified by a Japanese coefficient (see Data Supplement 
online).22 Urinalysis by the dipstick method was performed 
on spot urine specimens collected in the early morning after 
overnight fasting. Urine dipstick results were interpreted 
by the medical staff in each local medical institution and 
recorded as (−), (±), (1+), (2+), and (3+). The policy of 
the Japanese Committee for Clinical Laboratory Standards 
(http://jccls.org/) is that all urine dipstick tests should be 
manufactured so that a urine dipstick result of 1+ will cor-
respond to a urinary protein level of 30 mg/dl. We defined 
proteinuria as 1+ or more.

CAVI measurement

CAVI was measured at baseline after a few minutes of rest 
in a supine position using the cuff-oscillometric method 
(Vasera-1500; Fukuda Denshi, Tokyo, Japan).19 Cuffs were 
attached to the brachia and ankles, and pulse volume 
waveforms at 4 extremities were simultaneously recorded 
using a plethysmographic sensor connected to the cuffs. 
Measurements were recorded for 10 seconds under com-
pression of 50 mm Hg. BP at the right arm and ankle was 
then measured by the cuff-oscillometric method, which was 
repeated to measure BP at the left arm and ankle. CAVI was 
calculated using the following formula,15 where Ps  =  SBP, 
Pd  =  DBP, ΔP  =  pulse pressure, ρ  =  blood density, and 
PWV = pulse wave velocity:

CAVI = 2ρ/ ∆ P × ln(Ps/Pd)× PWV2

http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpaa097#supplementary-data
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpaa097#supplementary-data
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpaa097#supplementary-data
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpaa097#supplementary-data
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpaa097#supplementary-data
http://jccls.org/
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Ps and Pd were obtained when CAVI measurements were 
obtained. PWV was calculated using an estimated path 
length from the origin of the aorta to the tibial artery at the 
ankle and the arrival time of the pulse waveform generated 
by cardiac contraction at the tibial artery.

Kidney outcomes

eGFR and proteinuria measurements were obtained at 2 or 
more clinic visits (mean (SD), 3.5 (2.0) visits) for each partici-
pant over a median (interquartile range) follow-up duration of 
2.0 visits (1.0–5.0). CKD was defined as the presence of pro-
teinuria or eGFR <60 ml/min/1.73 m2. Average annual change 
of eGFR was calculated by fitting linear regression using all 
eGFR measurements for each participant. We defined rapid 
eGFR decline as greater than or equal to −3 ml/min/1.73 m2 
per year, which has been used previously as a cutoff that reflects 
3× higher decreasing speed than that is expected for normal 
aging.23 The primary outcome was CKD events. Proteinuria, 
eGFR <60  ml/min/1.73 m2, annual change of eGFR during 
follow-up (as a continuous variable), and rapid eGFR decline, 
separately, were examined as secondary outcomes.

Statistical analyses

Descriptive statistics are presented as means and SDs, 
and proportions as appropriate. We calculated the inci-
dence rate of CKD events for participants, overall, and in 
quartiles of CAVI measurements. The cumulative inci-
dence of CKD events for the quartile was calculated using 
the Kaplan–Meier method. For analyses assessing CKD 
events, proteinuria, eGFR <60  ml/min/1.73 m2, or rapid 
eGFR decline as outcomes, we used Cox proportional 
hazards models. We estimated the hazard ratios (HRs) 
and 95% confidence intervals (CIs) for each kidney out-
come associated with quartiles of CAVI measurements, as 
well as with CAVI measurements as a continuous variable. 
To minimize the effects of BP on CAVI measurements, in 
a secondary analysis, we calculated CAVI measurements 
using the formula suggested by Spronck et al.24 The propor-
tionality assumption for the Cox analyses was confirmed 
via the inclusion of a time-by-CAVI interaction. The base-
line exam date was defined as the time origin for time-to-
event analysis. Follow-up time was censored on the date the 
event was ascertained. Participants who did not have events 
were censored at the last contact with the participant on or 
before March 2016. HRs were calculated in 2 levels of ad-
justment. A  first model included adjustment for age, sex, 
and clinical and behavioral characteristics at the baseline 
exam (body mass index, smoking status, total cholesterol, 
high-density lipoprotein cholesterol, eGFR, history of di-
abetes, and history of CVD at baseline). In second model, 
we further adjusted for mean arterial pressure and prevalent 
hypertension at baseline. We tested for heterogeneity in the 
association between CAVI measurements and outcomes by 
prevalent hypertension and by eGFR (above or below 90 ml/
min/1.73 m2) at baseline with the inclusion of multiplicative 
interaction terms. Stratified analyses were considered when 
a statistically significant interaction was present (P value 

<0.05). For analyses assessing differences in average annual 
eGFR change among the quartiles of CAVI measurements, 
as well as with CAVI measurements as a continuous vari-
able, we used linear mixed models with 3 levels of adjust-
ment, as described above. We provided betas (95% CIs) for 
differences in change of eGFR (ml/min/1.73 m2 per year) for 
CAVI measurements, interval, and the interaction term (i.e., 
CAVI measurement × interval), respectively. Based upon 
the individual term (i.e., CAVI measurement at baseline), 
we assessed the associations between CAVI measurement 
at baseline and eGFR during follow-up. Based upon the in-
teraction between CAVI measurement and the time interval 
from baseline to follow-up, we calculated the additional de-
cline in annual change during follow-up associated with a 
1-SD increase in the CAVI measurement.

We conducted 4 sensitivity analyses. First, we adjusted 
for fasting glucose values, which were available from 15,234 
participants. Second, in an analysis for CKD events, we 
adjusted for systolic BP instead of mean arterial pressure at 
baseline. Third, in an analysis for CKD events, we excluded 
participants taking antihypertensive medication at base-
line. Fourth, in an analysis for annual eGFR change, we 
further adjusted for the span of time during which eGFR 
measurements were obtained and used to calculate eGFR 
change in each participant.

All statistical analyses were performed with SAS version 
9.4 software (SAS Institute, Cary, NC). Statistical signifi-
cance was defined as a P value <0.05 using 2-sided tests.

RESULTS

Of the 25,653 participants enrolled in the current analysis, 
we excluded 2 who were under 18 years of age, and 1,354 who 
had CKD at the baseline examination. This yielded a final 
analytical sample size of 24,297 participants. Among these, 
the mean (SD) age was 46.2 (13.0) years, 59.5% were women, 
and 18.8% were defined as having hypertension at baseline 
(Table  1). Participants in the highest vs. lower quartiles of 
CAVI measurements were older and had lower eGFR at base-
line. The prevalence of hypertension and history of diabetes 
and CVD was higher among the highest vs. lower quartiles 
of CAVI measurements. CAVI measurements and mean ar-
terial pressure were correlated (Pearson’s correlation = 0.39). 
The distribution of CAVI measurements and the thresholds 
used for categorizing participants into quartiles are shown in 
Supplementary Figure S2 online.

Associations of CAVI measurements with CKD events

During a mean (interquartile range) follow-up of 3.1 (1.0, 
4.0) years, 1,435 CKD events occurred. The cumulative in-
cidence of CKD events was highest in the fourth quartile 
group (31.94 per 1,000 person-years) among the 4 groups 
(Figure 1). Since there was no difference in the cumulative 
incidence of CKD events among the third (14.90 per 1,000 
person-years), second (16.90 per 1,000 person-years), and 
first (12.98 per 1,000 person-years) quartile groups, the 3 
groups were merged and defined as the referent group. In an 
adjusted Cox model, the highest vs. lower quartiles of CAVI 

http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpaa097#supplementary-data


1006 American Journal of Hypertension 33(11) November 2020

Itano et al.

Ta
b

le
 1

. 
C

ha
ra

ct
er

is
tic

s 
of

 p
ar

tic
ip

an
ts

 a
t b

as
el

in
e 

(n
 =

 2
4,

29
7)

To
ta

l
1s

t 
q

u
ar

ti
le

 (
n

 =
 5

,2
90

)
2n

d
 q

u
ar

ti
le

 (
n

 =
 6

,0
10

)
3r

d
 q

u
ar

ti
le

 (
n

 =
 6

,2
85

)
4t

h
 q

u
ar

ti
le

 (
n

 =
 6

,7
12

)

A
ge

, y
ea

rs
46

.2
 ±

 1
3.

0
33

.5
 ±

 7
.7

40
.7

 ±
 8

.4
47

.7
 ±

 9
.1

59
.7

 ±
 9

.4

W
om

en
, n

 (
%

)
14

,4
61

 (
59

.5
)

3,
18

5 
(6

0.
2)

3,
61

9 
(6

0.
2)

3,
83

6 
(6

1.
0)

3,
82

1 
(5

6.
9)

B
od

y 
m

as
s 

in
de

x,
 k

g/
m

2
22

.4
 ±

 3
.4

22
.3

 ±
 3

.8
22

.3
 ±

 3
.5

22
.3

 ±
 3

.2
22

.5
 ±

 3
.1

C
ur

re
nt

 s
m

ok
er

s,
 n

 (
%

)
4,

97
4 

(2
0.

5)
1,

37
9 

(2
6.

1)
1,

32
2 

(2
2.

0)
1,

19
7 

(1
9.

1)
1,

07
6 

(1
6.

0)

To
ta

l c
ho

le
st

er
ol

, m
g/

dl
21

2.
5 

±
 3

7.
5

19
6.

1 
±

 3
5.

2
20

8.
4 

±
 3

5.
6

21
8.

8 
±

 3
7.

3
22

3.
5 

±
 3

5.
9

H
D

L 
ch

ol
es

te
ro

l, 
m

g/
dl

70
.1

 ±
 1

8.
8

68
.7

 ±
 1

7.
7

70
.6

 ±
 1

8.
8

71
.7

 ±
 1

9.
6

69
.2

 ±
 1

9.
0

H
yp

er
te

ns
io

n,
 %

4,
56

5 
(1

8.
8)

20
9 

(4
.0

)
51

8 
(8

.6
)

1,
06

0 
(1

6.
9)

2,
77

8 
(4

1.
4)

H
is

to
ry

 o
f d

ia
be

te
s,

 %
43

9 
(1

.8
)

19
 (

0.
4)

31
 (

0.
5)

73
 (

1.
2)

31
6 

(4
.7

)

H
is

to
ry

 o
f C

V
D

, %
57

5 
(2

.4
)

53
 (

1.
0)

80
 (

1.
3)

10
8 

(1
.7

)
33

4 
(5

.0
)

A
nt

ih
yp

er
te

ns
iv

es
, %

1,
25

5 
(5

.2
)

24
 (

0.
5)

72
 (

1.
2)

20
8 

(3
.3

)
95

1 
(1

4.
2)

A
nt

id
ia

be
tic

 d
ru

gs
, %

21
8 

(0
.9

)
10

 (
0.

2)
11

 (
0.

2)
24

 (
0.

4)
17

3 
(2

.6
)

S
B

P,
 m

m
 H

g
12

3.
5 

±
 1

5.
5

11
6.

7 
±

 1
2.

5
11

9.
6 

±
 1

3.
4

12
3.

3 
±

 1
4.

4
13

2.
4 

±
 1

6.
3

D
B

P,
 m

m
 H

g
72

.5
 ±

 1
1.

1
67

.3
 ±

 9
.5

70
.4

 ±
 1

0.
4

73
.3

 ±
 1

0.
8

77
.5

 ±
 1

0.
7

M
A

P,
 m

m
 H

g
89

.5
 ±

 1
1.

8
83

.8
 ±

 9
.8

86
.8

 ±
 1

0.
7

90
.0

 ±
 1

1.
3

95
.8

 ±
 1

1.
6

eG
F

R
, m

l/m
in

/1
.7

3 
m

2
87

.4
 ±

 9
.9

95
.6

 ±
 7

.9
90

.8
 ±

 8
.0

86
.1

 ±
 8

.0
79

.2
 ±

 7
.4

C
A

V
I, 

un
it

7.
5 

±
 1

.0
6.

3 
±

 0
.4

7.
1 

±
 0

.2
7.

7 
±

 0
.2

8.
8 

±
 0

.6

D
at

a 
ar

e 
ex

pr
es

se
d 

as
 m

ea
ns

 ±
 S

D
s 

or
 c

ou
nt

s 
(p

er
ce

nt
ag

es
).

 A
bb

re
vi

at
io

ns
: 

C
A

V
I, 

ca
rd

io
-a

nk
le

 v
as

cu
la

r 
in

de
x;

 C
V

D
, 

ca
rd

io
va

sc
ul

ar
 d

is
ea

se
; 

D
B

P,
 d

ia
st

ol
ic

 b
lo

od
 p

re
ss

ur
e;

 e
G

F
R

, 
es

tim
at

ed
 g

lo
m

er
ul

ar
 fi

ltr
at

io
n 

ra
te

; H
D

L,
 h

ig
h-

de
ns

ity
 li

po
pr

ot
ei

n;
 M

A
P,

 m
ea

n 
ar

te
ria

l p
re

ss
ur

e;
 S

B
P,

 s
ys

to
lic

 b
lo

od
 p

re
ss

ur
e.



American Journal of Hypertension 33(11) November 2020 1007

Arterial Stiffness and Kidney Function

measurements (CAVI measurements ≥8.1 vs. <8.1) were as-
sociated with a higher risk for CKD events (HR, 1.34; 95% 
CI, 1.16, 1.54: Table  2, upper panel). After adjustment for 
mean arterial pressure and prevalent hypertension, the HR 
(95% CI) for CKD events was 1.28 (95% CI, 1.11, 1.48) for 
the highest vs. lower quartiles of CAVI measurements. The 
adjusted odds ratio (95% CI) for rapid eGFR decline was 

1.25 (95% CI, 1.11, 1.41) for the highest vs. lower quartiles 
of CAVI measurements (Table 2, lower panel). When CAVI 
measurements were used as a continuous variable, the odds 
ratio (95% CI) associated with each SD increase was 1.23 
(1.16, 1.32) for rapid eGFR decline.

CAVI measurements suggested by Spronck et  al.24 were 
highly correlated with CAVI measurements used in the cur-
rent analyses (Pearson’s correlation = 0.94) and yielded sim-
ilar results (Supplementary Table S1 online). The cumulative 
incidence of eGFR <60 ml/min/1.73 m2, but not of protein-
uria, was higher among the group with CAVI measurements 
≥8.1 vs. <8.1 (Supplementary Figures S3 and S4 online). 
When proteinuria or eGFR <60  ml/min/1.73 m2 was 
assessed as outcomes separately, the associations with CAVI 
measurements were significant (Supplementary Table S2 on-
line). There was no evidence of interaction between CAVI 
measurements, assessed as the highest vs. lower quartiles, 
and prevalent hypertension and baseline eGFR above or 
below 90  ml/min/1.73 m2 (all P > 0.20) in association with 
CKD events. When CAVI measurements were used as a con-
tinuous variable, the HRs (95% CI) associated with each SD 
higher level of CAVI measurements (+0.99 unit) were 1.15 
(1.06, 1.25) for CKD events (Supplementary Table S1 on-
line), 1.14 (0.99, 1.31) for proteinuria, and 1.21 (1.09, 1.36) for 
eGFR<60 ml/min/1.73 m2 (Supplementary Table S2 online).

Associations of CAVI measurements with change in eGFR 
during follow-up

Overall, eGFR declined by a mean of −0.89 (95% CI, −0.92 
to −0.86) ml/min/1.73 m2 per year, and 3,027 participants 

Figure 1. Cumulative incidence of CKD events for each CAVI group. The 
cumulative probability of CKD events by CAVI groups was calculated using 
the Kaplan–Meier method. The log-rank test was used to calculate the P 
value, which was <0.001. Participants were categorized into the 1st quartile 
group (CAVI ≤6.7 unit); the 2nd quartile group (CAVI 6.8–7.3 unit); the 3rd 
quartile group (CAVI 7.4–8.0 unit); or the 4th quartile group (CAVI ≥8.1 unit). 
Abbreviations: CAVI, cardio-ankle vascular index; CKD, chronic kidney disease.

Table 2. Association of CAVI measurements wit incident CKD events and with rapid eGFR decline (n = 24,297)

The highest vs. lower quartiles of CAVI measurements

Per 1 SD higher CAVI measurement 1st–3rd quartiles (n = 17,585) 4th quartile (n = 6,712)

CAVI range, units <8.1 ≥8.1 +0.99 unit

Incident CKD events

 Events/incidence rate (95% CI) 838/15.02 (14.04, 16.06) 597/31.94 (29.51, 34.56)  

 Hazard ratio (95% confidence interval)

Model 1 1 (ref) 1.34 (1.16, 1.54) 1.19 (1.10, 1.29)

Model 2 1 (ref) 1.28 (1.11, 1.48) 1.15 (1.06, 1.25)

Rapid eGFR decline

 Events/prevalence rate (95% CI) 2,203/12.53 (12.05, 13.03) 824/12.28 (11.51, 13.08)  

 Odds ratio (95% confidence interval)

Model 1 1 (ref) 1.25 (1.11, 1.40) 1.22 (1.14, 1.30)

Model 2 1 (ref) 1.25 (1.11, 1.41) 1.23 (1.16, 1.32)

The incidence rate is per 1,000 person-years. Adjusted HRs (95% CIs) for incident CKD events for the highest vs. lower quartiles of CAVI 
measurements and for 1-SD higher CAVI measurements are shown in the upper part of the table. The lower part of the table shows adjusted 
odds ratios (95% CIs) for rapid eGFR decline (−3 ml/min/1.73 m2 per year) for the highest vs. lower quartiles of CAVI measurements and for a 
1-SD increase in CAVI. Model 1 includes adjustment for age, sex, body mass index, smoking status, total cholesterol, HDL cholesterol, eGFR, 
prevalent diabetes, and prevalent CVD. Model 2 includes the variables in Model 1, mean arterial pressure, and prevalent hypertension. eGFR is 
included only in the model for analyses reported in the lower part of the table. Abbreviations: CAVI, cardio-ankle vascular index; CI, confidence 
interval; CKD, chronic kidney disease; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; 
HR, hazard ratio.

http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpaa097#supplementary-data
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpaa097#supplementary-data
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpaa097#supplementary-data
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpaa097#supplementary-data
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had rapid eGFR decline during follow-up. The highest vs. 
lower quartiles of CAVI measurements were associated 
with greater decline in annual eGFR in an adjusted model 
(beta, −0.034; 95% CI, −0.060, −0.008 ml/min/1.73 m2 per 
year), and the association was present after we adjusted 
for mean arterial pressure and prevalent hypertension 
(Table 3). There was evidence of interaction between CAVI 
measurement, assessed as the highest vs. lower quartiles, 
and prevalent hypertension in association with eGFR 
change (P  <  0.001). There was no evidence of interaction 
between CAVI measurements, assessed as the highest vs. 
lower quartiles, and baseline eGFR above or below 90 ml/
min/1.73 m2 (all P > 0.20) in association with eGFR change 
(P = 0.20). In stratified analyses by hypertension at baseline, 
the adjusted beta (95% CI) for differences in eGFR change 
between the highest vs. lower quartiles of CAVI measure-
ment was 0.028 (95% CI, −0.004, 0.060 ml/min/1.73 m2 per 
year) in participants without hypertension and −0.129 (95% 
CI, −0.184, −0.074 ml/min/1.73 m2 per year) in participants 
with hypertension (Supplementary Table S3 online). When 
CAVI measurements were used as a continuous variable, the 
adjusted beta (95% CI) for differences in eGFR change as-
sociated with each SD higher level of CAVI measurements 
was 0.031 (95% CI, 0.017, 0.045 ml/min/1.73 m2 per year) 
in participants without hypertension and −0.069 (95% CI, 
−0.097, −0.040  ml/min/1.73 m2 per year) in participants 
with hypertension (Supplementary Table S3 online).

Sensitivity analyses

Fasting glucose values are available in 15,234 participants 
(63% of the entire population). Results were similar when 
we adjusted for fasting glucose (Supplementary Tables S4 
and S5 online). In an analysis for CKD events, results were 
similar when we adjusted for systolic BP instead of mean 

arterial pressure (Supplementary Table S6 online) and when 
we excluded participants taking antihypertensive medi-
cation (Supplementary Table S7 online). In an analysis for 
annual eGFR change, results were similar when we adjusted 
for the span of time during which eGFR measurements were 
obtained for calculating eGFR change (Supplementary Table 
S8 online).

DISCUSSION

In this nationwide study that enrolled Japanese persons 
without CKD at baseline, those with CAVI measurements 
≥8.1 had a higher risk for CKD events compared with their 
counterparts with CAVI measurements <8.1, independently 
of cardiovascular risk factors including BP. Participants 
with CAVI measurements ≥8.1 had a greater decline in 
annual eGFR compared with their counterparts with 
CAVI measurements <8.1. The association was stronger in 
participants with hypertension compared with those without 
hypertension.

Prior studies using PWV have shown that arterial stiff-
ness is associated with kidney dysfunction among adults 
with CKD.5–10 CKD itself might lead to both arterial stiff-
ness and decline in kidney function over time. The current 
study extends the previous knowledge by demonstrating the 
association of arterial stiffness with decline in kidney func-
tion over time among hypertensive adults without CKD. 
Moreover, we assessed CAVI measurements as a measure 
of arterial stiffness. CAVI also reflects the state of smooth 
muscle contraction rather than changes in BP,25 and thus it 
is influenced by vascular tone independently of BP levels. 
Therefore, the association between arterial stiffness and 
kidney dysfunction in our study might be less confounded 
by BP compared with associations reported when arterial 
stiffness was estimated from PWV.

Table 3. Associations between CAVI measurements at baseline and eGFR change during follow-up (n = 24,297)

The highest vs. lower quartiles of CAVI measurements

Per 1 SD higher CAVI measurement 1st–3rd quartiles (n = 17,585) 4th quartile (n = 6,712)

CAVI range, units <8.1 ≥8.1 +0.99 unit

Annual change in eGFR Beta (95% confidence interval)

Model 1

 CAVI 0 (ref) −0.038 (−0.251, 0.176) −0.260 (−0.379, −0.141)

 Interval — −0.783 (−0.795, −0.771) −0.781 (−0.871, −0.691)

 CAVI × interval 0 (ref) −0.034 (−0.060, −0.008) −0.001 (−0.013, 0.011)

Model 2

 CAVI 0 (ref) −0.070 (−0.286, 0.146) −0.295 (−0.416, −0.174)

 Interval — −0.783 (−0.796, −0.771) −0.781 (−0.871, −0.691)

 CAVI × interval 0 (ref) −0.034 (−0.060, −0.008) −0.001 (−0.013, 0.011)

Adjusted betas (95% CIs) for differences in annual change in eGFR (ml/min/1.73 m2 per year) for the highest vs. lower quartiles of CAVI 
measurements and for 1-SD higher CAVI measurements are shown. We included interaction terms for CAVI measurement and the time in-
terval from baseline to follow-up. Model 1includes adjustment for age, sex, body mass index, smoking status, total cholesterol, HDL cholesterol, 
prevalent diabetes, eGFR, and prevalent CVD. Model 2 includes the variables in Model 1, mean arterial pressure, and prevalent hypertension. 
Abbreviations: CAVI, cardio-ankle vascular index; CI, confidence interval; CVD, cardiovascular disease; eGFR, estimated glomerular filtration 
rate; HDL, high-density lipoprotein.
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There was no evidence of interaction between CAVI 
measurements and prevalent hypertension in association 
with CKD events. However, there was evidence of interac-
tion between CAVI measurements and prevalent hyperten-
sion in association with eGFR change. Among participants 
with or without hypertension, higher CAVI measurement at 
baseline was associated with lower eGFR during follow-up. 
Higher CAVI measurement at baseline was associated with 
greater eGFR decline among participants with hypertension, 
but not among those without hypertension. This suggests 
that hypertension may accelerate vascular aging by causing 
mechanical injury to the vasculature and/or through con-
comitant inflammatory and oxidative stress, which ulti-
mately contribute to greater declines in eGFR.26

CAVI measurement thresholds associated with subclin-
ical CVD and CVD events remain to be determined. Persons 
with CAVI measurements ≥8.0 had a higher likelihood of 
coronary artery disease compared with their counterparts 
with CAVI measurements <8.0.26 Among persons with di-
abetes, CAVI measurements ≥9.0 vs. <9.0 were associ-
ated with a higher risk for CVD events.27 Consequently, 
the Physiological Diagnosis Criteria for Vascular Failure 
Committee in Japan recommended a threshold of <8.0 for 
defining normal CAVI measurements.28 The current study 
suggested that CAVI measurements ≥8.1 were associated 
with kidney dysfunction. However, since the effect size of 
CAVI measurements on kidney function was relatively 
modest in the current study, our results require further 
testing in an independent cohort to determine whether the 
assessment of CAVI in clinical practice improves detection 
and subsequent medical management of persons at higher 
risk for CKD events.

Strengths of this study include the well-characterized, na-
tionwide sample of Japanese adults and the use of standardized 
data collection protocols. This study has several limitations. 
Possible residual confounding, including physical activity 
and dietary sodium intake, may affect associations between 
CAVI measurements and CKD events.29–31 Definition of CKD 
based on KDIGO guideline criteria requires 2 measurement 
opportunities which are at least 3 months apart. However, 
in this study, we defined CKD as the presence of proteinuria 
or eGFR <60  ml/min/1.73 m2 at a single occasion, which 
might not fully reflect a person’s kidney function. The mean 
eGFR at baseline was lower in the highest vs. lower quartiles 
of CAVI measurements. Thus, more participants with eGFR 
closer to 60 ml/min/1.73 m2 at baseline might be included 
in the highest vs. lower quartile groups, which may con-
tribute to higher risk for CKD events in the highest vs. lower 
quartiles of CAVI measurements. However, eGFR declined 
in the highest vs. lower quartile groups more sharply on 
an annual basis and more rapidly over a longer time span. 
In the current study, carotid–femoral PWV and brachial–
ankle PWV were not obtained. Therefore, it remains to be 
determined whether there is a difference in the associations 
between kidney outcomes and CAVI measurements vs. 
PWV measurements. Further studies are required to as-
sess the optimal assessment of arterial stiffness to identify 
individuals at high risk for CKD events. Some classes of 
antihypertensive drugs (e.g., renin–angiotensin–aldosterone 

inhibitors) can affect CAVI and renal function,32,33 and the 
use of these medications may be a confounder due to their 
possible effects on CAVI and renal function. In the cur-
rent study, classes of antihypertensive drug data were not 
available. However, results were similar when we excluded 
participants taking antihypertensive medication.

Our results may not be generalizable to other racial 
and ethnic groups (e.g., Whites, African Americans, and 
Hispanics).

This nationwide study of Japanese adults suggested that 
persons without CKD who also had CAVI measurements 
≥8.1 had a higher likelihood of kidney dysfunction in 
later life compared with their counterparts with CAVI 
measurements <8.1. Greater arterial stiffness among adults 
without CKD may be associated with kidney dysfunction.
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