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Abstract
Vascular biomarkers, including the cardio-ankle vascular index (CAVI), are increas-
ingly being recognized as important indicators of cardiovascular risk. CAVI has been 
shown to have good discriminative ability for detecting new-onset hypertension, 
but results of studies investigating cardiovascular risk prediction are inconsistent. 
Furthermore, there is a lack of data on the prognostic value of changes in CAVI over 
time. The Cardiovascular Prognostic Coupling study was designed to determine the 
impact of baseline CAVI and changes in CAVI on cardiovascular events in a Japanese 
cohort. The design of the ongoing, multicenter, prospective, observational registry 
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1  | INTRODUC TION

We recently proposed a novel disease entity, the systemic hemo-
dynamic atherothrombotic syndrome (SHATS), which is character-
ized by a vicious cycle between hemodynamic stress and vascular 
disease, and is a risk factor for cardiovascular events and organ 
damage.1-3 Pressure and vascular biomarkers make up two core bio-
markers for SHATS. Pressure biomarkers include variability in visit-
to-visit clinic, home and ambulatory blood pressure (BP) readings, 
morning and/or nighttime BP surge, and central pressure. Vascular 
biomarkers are the cardio-ankle vascular index (CAVI), ankle-bran-
chial index (ABI), pulse wave velocity (PWV), flow-mediated dilation 
(FMD), arterial waveform, and aortic stiffness evaluated by aortic 
magnetic resonance imaging (MRI).

Pressure biomarkers of SHATS can be detected using home BP 
monitoring (HBPM), ambulatory BP monitoring (ABPM), and the 
active standing test. A number of studies have investigated as-
sociations between pressure biomarkers and cardiovascular risk. 
Firstly, cardiovascular risk in individuals with white-coat hyper-
tension appears only to be elevated in the presence of coexisting 
risk factors, whereas all patients with masked hypertension are at 
increased risk of target organ damage and cardiovascular events.4 
In another study, mean and maximum systolic BP (SBP) values in 
patients with one cardiovascular risk factor were significantly as-
sociated with markers of target organ damage, and the association 
between maximum SBP and carotid intima-media thickness was 
significantly stronger than that between mean SBP and carotid in-
tima-media thickness.5

Studies such as these have contributed to a better understanding 
of the importance of BP control for cardiovascular organ protection. 
However, there is currently less understanding about the relation-
ship between vascular biomarkers and cardiovascular damage. CAVI 
has been shown to have good discriminative ability for detecting 

new-onset hypertension in a study of Japanese adults.6 In addition, 
a systematic review reported modest associations between CAVI 
and incident cardiovascular disease events (but not all-cause mortal-
ity).7 However, the systematic review was based on cross-sectional 
and short-term studies, and there are currently no longitudinal stud-
ies investigating the association between CAVI and cardiovascular 
disease.

The Cardiovascular Prognostic COUPLING Study in Japan was 
designed to clarify the relationship between BP and vascular prop-
erties in hypertensive patients and to investigate the relationship 
between vascular properties and the onset of cardiovascular events 
in patients at high risk of cardiovascular disease. Specifically, the 
impact of baseline CAVI and changes in CAVI over time on cardio-
vascular events in a nationwide general practitioner-based cohort is 
being assessed. This paper described the study design and baseline 
characteristics of the enrolled population.

2  | METHODS

2.1 | Study design

The nationwide Cardiovascular Prognostic Coupling study is an on-
going, multicenter, prospective, observational registry. The study 
protocol was submitted to and approved by the ethics committee 
of the internal review board of the Jichi Medical University School 
of Medicine and the independent ethics committees at each study 
institution. This study was registered at http://www.umin.ac.jp/
ctr/ (Trial registration reference number: UMIN000018474). 
This study is coordinated Community Medicine Cardiovascular 
Research Asia IT Network Center, Division of Cardiovascular 
Medicine, Jichi Medical University School of Medicine. Fukuda 
Denshi Co., Ltd. is co-investigator. Written informed consent was 

and baseline characteristics of the enrolled population are reported. Eligible consecu-
tive patients were aged ≥30 years, had ≥1 cardiovascular risk factor, and were being 
treated according to relevant Japanese guidelines. The primary outcome is time to 
onset of a major cardiovascular event (a composite of cerebral infarction, cerebral 
hemorrhage, subarachnoid hemorrhage, stroke of unknown etiology, myocardial in-
farction, cardiovascular intervention for angina pectoris, and sudden death). Screening 
and enrollment occurred over a period of 3 years, followed by ≥7 years of follow-up, 
with CAVI determined annually. A total of 5279 patients were registered, of whom 
5109 had baseline data available and will be included in future analyses. Mean CAVI 
at baseline was 8.8 ± 1.4. The proportion of patients with CAVI of <8, 8-10 or >10 
was 25.3%, 57.0%, and 17.7%, respectively. Data from this registry should provide 
information on the significance of baseline CAVI and change in CAVI as indicators of 
cardiovascular prognosis in a representative patient population.

http://www.umin.ac.jp/ctr/
http://www.umin.ac.jp/ctr/
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obtained from all patients prior to enrollment in the study, and pa-
tients were made aware of their right to withdraw from the study 
at any time and the measures in place for protection of privacy.

2.2 | Patients

Consecutive patients aged ≥30 years with at least one cardiovascu-
lar risk factor (Table 1) were recruited by 67 doctors at 30 medical 
institutions throughout Japan from July 2015 to September 2018. 
Patients with any of the following were excluded: chronic renal fail-
ure requiring hemodialysis; other serious illnesses (eg, end-stage 
cancer, active connective tissue disease); alcohol or drug addiction; 
inability to attend hospital visits or provide informed consent; or 
judged as inappropriate by the study physician.

2.3 | Outcomes

The primary outcome is time to onset of a major cardiovascular event 
(a composite of cerebral infarction, cerebral hemorrhage, subarach-
noid hemorrhage, stroke of unknown etiology, myocardial infarction, 
cardiovascular intervention for angina pectoris, and sudden death). 
Key secondary outcomes are the individual component events of the 
composite primary endpoint. Other secondary and additional out-
comes are also being investigated (Table 2).

2.4 | Assessments

The study outline is shown in Table 3. Briefly, screening and enroll-
ment occurred over a period of 3 years and then patients are being 
followed up for at least 7 years. Throughout the study, all patients 
are receiving standard therapy based on the relevant Japanese 
guidelines. The occurrence of major cardiovascular events is being 

monitored continually during follow-up. CAVI, ABI, pulse waveform, 
electrocardiogram, clinic BP, and blood and urine laboratory test-
ing are being evaluated annually. Special blood tests for determining 
N-terminal pro-B-type natriuretic peptide, troponin T, calciprotein 
particle, and growth differentiation factor 15 are performed after 
3 and 7  years of follow-up. All data are collected electronically 
and transferred to a central electronic data capture system via the 
Internet. CAVI and ABI are measured using the cuff-oscillometric 
method (Vasera-1500 or 3000; Fukuda Denshi, Co., Ltd.).8

Cardio-ankle vascular index is measured after a few minutes of 
rest in a supine position. Cuffs were attached to the brachia and an-
kles, and pulse volume waveforms at four extremities were simul-
taneously recorded using a plethysmographic sensor connected to 
the cuffs. Measurements were recorded for maximum 16 seconds 
under compression of 50 mm Hg. BP at four extremities were then 
measured by the cuff-oscillometric method. CAVI was calculated 
using the following formula,9 where Psys = SBP, Pdia = DBP, ρ = blood 
density, haPWV is PWV from the origin of the aorta to tibial artery 
at the ankle through the femoral artery, and a and b are constants to 
convert the values of CAVI:

CAVI=a

[

2�∕
(

Psys−Pdia

)

∙ ln
(

PsysPdia

)

∙
(

haPWV
)2
]

+b

TA B L E  1   Cardiovascular risk factor inclusion criteria

Cardiovascular risk factors

Diabetes or glucose tolerance disorder

Dyslipidemia

High-normal normotension and grade I-III hypertension (blood pres-
sure >130/85 mm Hg)

Current smoker

Renal disease (estimated glomerular filtration rate ≥60 mL/
min/1.73 m2, or positive proteinuria)

History of cardiovascular disease (coronary artery disease, cerebro-
vascular or non-cardiogenic cerebrovascular disorder, aortic dis-
section, peripheral artery disease, hospitalization for heart failure)

Atrial fibrillation

Metabolic syndrome

Chronic obstructive pulmonary disease

Sleep apnea syndrome

TA B L E  2   Outcomes

Primary outcomes

A composite of cerebral infarction, cerebral hemorrhage, car-
diogenic stroke, subarachnoid hemorrhage, stroke of unknown 
etiology, myocardial infarction, cardiovascular intervention for 
angina pectoris, and sudden death

Secondary outcomes

Each cardiovascular event of the primary outcome (ie, cerebral in-
farction, cerebral hemorrhage, cardiogenic stroke, subarachnoid 
hemorrhage, stroke of unknown etiology, myocardial infarction, 
cardiovascular intervention for angina pectoris, and sudden 
death)

Any of the following events: hospitalized heart failure; aortic dis-
section; peripheral artery disease; end-stage renal insufficiency; 
doubling of serum creatinine values; new-onset atrial fibrillation; 
dementia; requirement for nursing care; death from any cause

Change in clinic blood pressure

Change in cardio-ankle vascular index or ankle-branchial index

Development of left ventricular hypertrophy (by echocardiogra-
phy or cardiac magnetic resonance imaging)

Adverse events

Other outcomes

Home blood pressure

24-h ambulatory blood pressure

Findings of echocardiography

Findings of carotid echography

Cardiac and aortic findings of magnetic resonance imaging

Flow-mediated dilatation

Oxygen saturation during sleep (pulse oximetry)

Lung function of pulmonary function testing
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2.5 | Sample size

Sample size calculations were made based on data from the Japan 
Morning Surge-Home Blood Pressure (J-HOP) study.10 J-HOP was a 
nationwide practice-based study that included 4310 patients with a 
history of, or risk factors for, cardiovascular disease, or both (mean 
age, 65  years; 79% using antihypertensive medication). During a 
mean follow-up of 4 years (16 929 person-years), 74 stroke and 77 
coronary artery disease events occurred. On that basis, it was as-
sumed that 91 stroke and 87 coronary artery disease events would 
occur in a sample of 5000 patients with a mean follow-up of 4 years 
(20 000 person-years).

2.6 | Statistical analyses

Categorical variables are presented as number and percentage. 
Continuous variables are expressed as mean  ±  standard deviation 
(SD). Changes from baseline will be assessed using a by paired t 
test. Time to onset of primary and secondary outcome cardiovas-
cular events will be estimated using Kaplan-Meier analysis. The re-
lationship between time to onset of cardiovascular events and each 
variable of interest (change in clinic BP, change in CAVI or ABI, devel-
opment of left ventricular hypertrophy) will be analyzed using a Cox 
proportional hazard regression model. In all analyses, a two-sided 
P-value of <.05 is considered statistically significant. All statistical 

analyses are being performed using SAS software (ver 9.4; SAS 
Institute Inc).

3  | RESULTS

3.1 | Subjects

A total of 5279 patients were registered, of whom 5109 had base-
line data available and will be included in future analyses (Table 4). 
The most common cardiovascular risk factor was high-normal BP 
or grade I-III hypertension (>80% of patients), and 17.4% of pa-
tients (20.4% of women and 14.6% of men) were aged ≥80 years 
(Table 4).

3.2 | Baseline CAVI

Mean CAVI at baseline was 8.8  ±  1.4. CAVI showed a normal 
distribution, with the majority of patients having a value of 8-10 
(Figure 1). The proportion of patients with CAVI of <8, 8-10, or 
>10 was 25.3%, 57.0%, and 17.7%, respectively. Mean CAVI val-
ues in men were significantly higher than those in women from 
age 40 years onwards, and the rate of increase in CAVI as age in-
creased was significantly greater in men than in women (interac-
tion P < .001; Figure 2).

 
Screening and 
enrollment

Follow-up for 7 y

1 y 2 y 3 y 4 y 5 y 6 y 7 y

Patient background and 
baseline data

○              

Primary outcome: time 
to onset of major CV 
events (composite)

  ↔ ↔ ↔ ↔ ↔ ↔ ↔

Secondary outcomes: 
time to onset of each 
CV event

  ↔ ↔ ↔ ↔ ↔ ↔ ↔

Secondary key 
outcomes

○ ○ ○ ○ ○ ○ ○ ○

CAVI ○ ○ ○ ○ ○ ○ ○ ○

ABI ○ ○ ○ ○ ○ ○ ○ ○

Pulse waveform ○ ○ ○ ○ ○ ○ ○ ○

ECG ○ ○ ○ ○ ○ ○ ○ ○

Clinic blood pressure ○ ○ ○ ○ ○ ○ ○ ○

Blood and urine labora-
tory testing

○ ○ ○ ○ ○ ○ ○ ○

Special blood testa ○     ○       ○

Abbreviations: ABI, ankle-brachial index; CAVI, cardio-ankle vascular index; CV, cardiovascular; 
ECG, electrocardiogram.
aTo measure N-terminal pro-brain natriuretic peptide, troponin T, calciprotein particle and growth 
differentiation factor 15. 

TA B L E  3   Outline of coupling registry 
study assessments
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4  | DISCUSSION

The CAVI is a new measure of arterial stiffness that reflects stiffness 
from the ascending aorta to the ankle arteries. CAVI is largely inde-
pendent of heart rate and BP, and is a method that is reproducible and 
easy to use.11,12 Both CAVI13,14 and the ABI15,16 have been widely used 
to evaluate arterial stiffening and arterial stenosis/obstruction, and 
both indices are considered a useful part of strategies to for prevent 
macroangiopathies.

A number of studies have investigated the association between 
CAVI and the occurrence of cardiovascular events, and these are 
summarized in Table 5. All previous studies apart from one17 had 
a cross-sectional design. In general, higher baseline CAVI predicted 
future cardiovascular events,17-22 but this was not a consistent find-
ing across studies,23,24 and CAVI may not be a good predictor of 
cardiovascular events in patients with CKD.25 Data did show that 

CAVI has a strong relationship with age, sex, and arterial stiffness. 
However, the relationship between change in CAVI over time (rather 
than baseline CAVI) and the occurrence of cardiovascular events is 
currently unclear.

The Coupling registry is a prospective, large-scale, and longi-
tudinal study with repeated measurement of CAVI in high cardio-
vascular risk patients. It will provide data to allow determination 
of the effect of changes in CAVI, as well as baseline CAVI, on the 
cardiovascular event rate and its relative impact on cardiovascular 
events compared with baseline CAVI. Another study is also under-
way looking at the usefulness of CAVI for predicting cardiovascular 
events in Japan (the CAVI-J study; NCT01859897). CAVI-J will pro-
vide complementary data to the Coupling study, facilitating a more 
comprehensive picture of the association between CAVI and cardio-
vascular events.

Data from the Coupling registry have already been used to in-
vestigate the relationship between CAVI and brachial-ankle pulse 
wave velocity (baPWV) and determined CAVI cutoff values that 
equate to baPWV values of 14 and 18 m/s.26 There was a positive 
and statistically significant association between CAVI and baPWV 
(r = .50, P < .001). Average baPWV in low-risk patients (CAVI <8.303, 
n = 642) was 14.97 ± 2.91 m/s, in medium-risk patients (CAVI 8.303-
9.058, n = 408) was 16.12 ± 2.80 m/s, and in high-risk patients (CAVI 
≥9.059, n  =  687) was 18.40  ±  3.51  m/s.26 A CAVI value of 8.303 
corresponded to a baPWV cutoff of 14 m/s, and CAVI 9.059 corre-
sponded to a baPWV cutoff of 18 m/s.26

Asian populations have unique characteristics associated with 
the risk and incidence of cardiovascular disease compared with 
Western populations. Effective management of hypertension is 
particularly important in Asians because in many parts of the re-
gion the prevalence of stroke events is higher than that of coronary 
events, whereas the opposite is the case in Western populations.27 
Furthermore, the risk of cardiovascular events with increasing BP in-
creases more steeply in Asian vs Western populations.28 Therefore, 
the goal for the Coupling registry was to include a wide range of 
patients with a variety of cardiovascular risk factors. The current 
study includes a relatively high proportion of very elderly patients 
(17.4% were aged ≥80  years), reflecting the rapidly aging demo-
graphic in Asia. The mean age of patients enrolled in the registry was 
68.7 years, similar to two previous CAVI studies24,25 but higher than 
in others17-21,23 (Table 5). Other features of the registry population, 
including the proportions of patients with hypertension, dyslipid-
emia, diabetes mellitus, and/or a history of cardiovascular disease, 
suggest that this is a high cardiovascular risk group.

The Framingham risk score is the most commonly used model for 
predicting the 10-year incidence of cardiovascular events in the gen-
eral population. This takes into account age, sex, BP, smoking habit, 
total or low-density lipoprotein cholesterol, high-density lipoprotein 
cholesterol, and the presence/absence of diabetes mellitus.29,30 The 
Framingham score is useful for encouraging lifestyle modification 
and promotes early prevention in the general population.31,32 The 
addition of the ankle-brachial BP index (ABI) to the Framingham risk 
score has been shown to significantly improve prognostic power.24 

TA B L E  4   Patient demographic and clinical characteristics at 
baseline

Variables
Patients 
(n = 5109)

Male (patients) 52.4%

Age (y) 68.7 ± 11.4

Age ≥80 y (patients) 17.4%

Body mass index (kg/m2) 24.7 ± 4.0

Current smoker (patients) 9.1%

History of cardiovascular diseasea (patients) 23.6%

Complications (patients)  

Diabetes, glucose tolerance disorder 32.4%

Dyslipidemia 57.1%

High-normal normotension or grade I-III 
hypertension

83.5%

Renal disease (eGFR ≥60 mL/min/1.73 m2 or 
positive proteinuria)

19.9%

Atrial fibrillation 9.3%

Metabolic syndrome 10.5%

Chronic obstructive pulmonary disease 1.8%

Sleep apnea syndrome 4.8%

Main concomitant drugs (patients)  

Antihypertensives 83.4%

Statins 46.8%

Aspirin 16.1%

Clinic blood pressure, mm Hg  

Systolic 133.5 ± 16.6

Diastolic 76.8 ± 10.6

Cardio-ankle vascular index 8.8 ± 1.4

Ankle-branchial index 1.1 ± 0.1

Note: Values are presented as mean ± SD, or percentage of patients.
Abbreviation: eGFR, estimated glomerular filtration rate.
aStroke, percutaneous coronary revascularization or myocardial 
infarction. 



470  |     KARIO et al.

A baPWV of 14 m/s corresponds to a moderate risk of cardiovas-
cular events based on the Framingham risk score.33 In analyses of 
Coupling registry data so far, this would be equivalent to a CAVI 
value of 8.303. Further analysis will provide additional information 
on the prognostic significance of this CAVI value in a representative 
patient population, and future studies could provide information 
about whether adding CAVI to the Framingham score might also in-
crease the accuracy of cardiovascular risk prediction.

5  | CONCLUSIONS

The design details and baseline characteristics of patients enrolled in 
the Coupling registry show that the study population is representa-
tive of routine clinical practice in Japan. The results of the antici-
pated analyses should provide robust and useful information on the 
significance of both baseline CAVI and change in CAVI over time as 
indicators of cardiovascular prognosis.

F I G U R E  1   Distribution of baseline 
cardio-ankle vascular index (CAVI) values 
in the population at baseline

F I G U R E  2   Mean baseline cardio-ankle 
vascular index (CAVI) values in 10-y age 
categories by patient sex (values are 
mean ± SD)
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TA B L E  5   Summary of studies investigating the association between cardio-ankle vascular index (CAVI) and cardiovascular (CV) outcomes

Study Subjects (n) Follow-up Baseline data CV outcomes

Kato et al, 201223 HD pts 
(n = 135)

5.3 y Mean age: 60 ± 11 y
Male: 67.4%
Time on HD: 110 ± 93 mo
CAVI: 9.7 ± 3.0

In a Cox proportional hazard analysis, CAVI tertile 
was not significantly associated with CV mortality. 
HR (95% CI) for CV mortality in CAVI tertiles:

•	 <8.0: reference (HR 1.0)
•	 8.0-<9.9:0.98 (0.28-3.37)
•	 ≥9.9:2.59 (0.91-7.34)

Otsuka et al, 201417 Newly-
diagnosed 
CAD (n = 211)

2.9 y Mean age: 65 ± 10 y
Male: 56%
CAVI: 10.05 ± 0.78 and 9.87 ± 0.65 

in pt subgroups who went on to 
have improved or persistently im-
paired CAVI at 6 mo, respectively

In a Cox proportional hazards model, persistently 
impaired CAVI at 6 mo was a significant independent 
predictor of CV events (cardiac death, non-fatal MI, 
unstable angina, coronary revascularization, stroke) 
vs improved CAVI at 6 mo:

•	 HR 3.3; 95% CI 1.47-8.59; P < .01

Chung, 201518 T2DM (n = 626) 4.1 y Mean age: 64 y (range 37-90)
Male: 46%
CAVI: 8.8 ± 1.4

In a logistic regression analysis, CAVI of ≥9.0 vs <9.0 
was a significant predictor of CV events (PCI, CABG, 
coronary revascularization, ACS, ischemic stroke, 
death):

•	 Adjusted OR 1.23 (95% CI 1.07-1.42); P = .05

Sato-Asahara et al, 
201519

Obese pts 
(n = 425)

5 y Mean age: 51.5 ± 14.1 y
Male: 44.5%
CAVI: 7.6 ± 1.5

In a step-wise multivariate Cox analysis adjusted for 
age and sex, CAVI was a significant predictor of CV 
events (PCI, MI, stroke, atherosclerosis):

•	 HR per 1-unit increase in CAVI, 1.44 (95% CI 1.02-
2.02); P = .037

Laucevicius et al, 
201520

MS without 
overt ath-
erosclerosis 
(n = 2106)

3.8 y Mean age: 53.8 ± 6.2 y
Male: 38%
CAVI: 7.92 ± 1.43

Cox proportional hazard regression analysis showed 
that each SD increase in CAVI increased the risk of 
CV events (MI, stroke or TIA, sudden cardiac death) 
by 26%:

•	 HR 1.26, 95% CI 1.03-1.55; P = .026
This relationship was no longer statistically significant 

in the model adjusted for significant variables on uni-
variate analysis. Kaplan-Meier analysis showed that 
CAVI above the median was significantly associated 
with better CV event-free survival (P = .038)

Sato et al, 201621 Outputs with 
metabolic 
disorders 
(n = 1003)

6.7 y Mean age: 62.5 ± 11.2 y
Male: 51.2%
CAVI: 9.25 ± 1.61

Cox proportional hazards regression analysis showed 
that CAVI was independently associated with future 
CV event risk (acute MI, unstable angina pectoris, 
stable angina pectoris):

•	 HR per 1-unit increase in CAVI, 1.13 (95% CI 1.01-
1.26); P = .039

Gohbara et al, 
201622

ACS (n = 288) 1.25 y Low CAVI group (≤8.325):
Mean age: 58 ± 11 y
Male: 87%
High CAVI group (>8.325):
Mean age: 71 ± 9 y
Male: 78%

Multivariate Cox proportional hazards analysis for CV 
events (CV death, non-fatal MI, non-fatal ischemic 
stroke) in the high CAVI vs low CAVI group:

•	 HR 18.0 (95% CI 2.4-136.8); P = .005

Kusunose et al, 
201624

Pts with ≥ 2 CV 
risk factors 
(n = 114)

4.25 y Mean age: 69 ± 11 y
Male: 78%
CAVI: 8.5 ± 1.5

CAVI was not a significant predictor of CV events 
(cardiac death, non-fatal MI/coronary revasculariza-
tion, acute pulmonary edema, stroke) on univariable 
Cox proportional hazard analysis:

•	 HR per 1-unit increase in CAVI, 1.12 (95% CI 0.77-
1.63); P = .545

Furusawa et al, 
201925

Asymptomatic 
pre-dialysis 
CKD (n = 218)

3.4 y Mean age: 68 ± 12 y
Male: 70%
CAVI: 9.1 ± 1.3

CAVI was not a significant predictor of CV events (CV 
death, MI, PCI, CABG, heart failure, cerebral infarc-
tion) on univariate Cox regression analysis:

•	 HR 1.18 (95% CI 0.84-1.18), P = .337

(Continues)
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