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Abstract
Faster pulse wave velocity (PWV) is known to be associated with the incidence of 
cardiovascular diseases (CVD). The aim of this study was to clarify the hypothesis 
that PWV may be associated with future CVD events even when its time-dependent 
changes were adjusted. We also investigated a prognostic significance of cardio-ankle 
vascular index, another index of arterial stiffness. Study participants included 8850 
community residents. The repeated measures of the clinical parameters at 5.0 years 
after the baseline were available for 7249 of the participants. PWV was calculated 
using the arterial waveforms measured at the brachia and ankles (baPWV). The cardio-
ankle vascular index was calculated by estimated pulse transit time from aortic valve 
to tibial artery. During the 8.53 years follow-up period, we observed 215 cases of 
CVD. The incidence rate increased linearly with baPWV quartiles (per 10 000 person-
years: Q1, 2.7; Q2, 12.6; Q3, 22.5; Q4, 76.2), and the highest quartile was identified as 
an independent determinant of incident CVD by conventional Cox proportional haz-
ard analysis adjusted for known risk factors [hazard ratio (HR), 4.00; p = .007]. Per unit 
HR of baPWV (HR, 1.15; p < .001) remained significant in the time-dependent Cox re-
gression analysis including baPWV and other clinical values measured at 5-year after 
the baseline as time-varying variables (HR, 1.14; p < .001). The cardio-ankle vascular 
index was also associated with CVD with similar manner though the associations were 
less clear than that of baPWV. baPWV is a good risk marker for the incidence of CVD.
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1 | INTRODUC TION

Arterial stiffness is known to be a risk factor for the incidence of 
cardiovascular diseases (CVD) in the general population.1,2 Pulse 
wave velocity (PWV) between the carotid and femoral arteries 
(cfPWV) is a standard measure of arterial stiffness. Although 
several devices for cfPWV measurement have been developed,3 
the applicability of cfPWV, particularly in primary care and public 
health settings, is limited owing to the requirements of specific 
skills for pulse waveform measurement at the carotid and femoral 
arteries.

Pulse wave velocity between the brachium and ankle (baPWV) 
is another index of PWV, which can be measured automatically 
by attaching cuffs connecting to plethysmography at both the 
brachia and ankles. baPWV is calculated from the time interval 
between the wave fronts of the brachial and ankle arterial wave-
forms and the path length from the brachia to the ankle calcu-
lated from the body height.4 It has been reported that baPWV was 
closely correlated with cfPWV5 and was associated with the inci-
dence of stroke in a sub-analysis of a randomized controlled trial in 
hypertensive patients,6 the incidence of CVD in the general pop-
ulation,7 and all-cause8,9 and cause-specific8 mortality in popula-
tions of older adults8 or community residents.9 Furthermore, our 
recent individual-level meta-analysis including 14  700 Japanese 
community residents and individuals at risk for CVD10 observed a 
significant association between baPWV and the incidence of CVD. 
However, it was uncertain whether baPWV predicts the onset of 
CVD when changes in baPWV and other covariates during the fol-
low-up period were considered in the analysis. Clarifying the hy-
pothesis that baPWV may be associated with future CVD events 
even when time-dependent changes in the clinical measures 
were adjusted may further support the significance of baPWV 
as a marker of cardiovascular disease risks11 because a general 
population-based study usually requires a long-term follow-up pe-
riod to clarify a risk factor-outcome relationship.

Given these backgrounds, we aimed to clarify longitudinal as-
sociations between baPWV and CVD events with consideration for 
changes in baPWV and other time-varying covariates during the fol-
low-up period by analyzing a dataset of a general population-based 
longitudinal study with follow-up measurement at 5 years after the 
baseline. We also investigated the prognostic significance of the 
cardio-ankle vascular index (CAVI),12 another index of arterial stiff-
ness that can be calculated from estimated pulse transit time from 
aortic valve to tibial artery.13,14

2  |  METHODS

2.1  |  Study design and setting

We conducted a longitudinal analysis of a dataset of the Nagahama 
study,12,15,16 an ongoing longitudinal study based on the community 
residents of Nagahama City, a largely sub-urban city of 125  000 

inhabitants (at 2010) located in central Japan. Mean age of the citi-
zens was 44.7 years, and 24% of them were older (≥65 years) per-
sons. Study participants in the Nagahama study, aged between 30 
and 74 years and who were living independently without physical 
impairment or dysfunction, were recruited between 2008 and 2010. 
Among the baseline participants (n  =  9764), which corresponded 
to approximately 14% of total residents at the age group, a total of 
8289 individuals participated in a follow-up investigation performed 
5  years after the baseline evaluations (between 2013 and 2015). 
After excluding those who died (n = 147) or who left Nagahama City 
(n  =  273), the follow-up rate corresponds to 88.7%. In this study, 
we investigated the associations between baseline baPWV and 
CAVI and the incidence of CVD during the follow-up period until 
December 2018 by Cox proportional hazard analysis adjusted for 
major covariates measured at the baseline investigation. We also 
performed a longitudinal association analysis including the clinical 
values measured at the follow-up investigation as time-dependent 
variables by time-dependent Cox proportional hazard analysis.

2.2  |  Study participants

Among the baseline population of the Nagahama study, a total of 
8850 participants were ultimately included in this study after ex-
cluding individuals who met the following exclusion criteria: history 
of stroke or myocardial infarction (n = 283) but not suspected cases 
of heart failure and angina pectoris, pacemaker implantation or tak-
ing hemodialysis therapy at baseline or follow-up measurements 
(n = 14), pregnant women (n = 42), incomplete measurement (n = 34) 
or large bilateral differences (Mahalanobis’ distance > 5; n = 51) in 
baPWV or CAVI, lack of urinary albumin value (n = 429, including 
women during menstruation), suspected cases of peripheral arte-
rial diseases (ankle-brachial index  ≤  0.8; n  =  15), and incomplete 
or widely deviating clinical values required for this study (n = 46). 
History of stroke and myocardial infarction was queried using a 
structured questionnaire. The clinical data on the follow-up investi-
gation were available for 7249 participants after applying the same 
exclusion criteria. All study procedures were approved by the ethics 
committee of Kyoto University Graduate School of Medicine and by 
the Nagahama Municipal Review Board. Written informed consents 
were obtained from all participants.

2.3  |  Measurement of arterial parameters required 
for baPWV and CAVI calculations

The arterial waveforms and blood pressure (BP) at both the brachia 
and ankles were measured in the supine position after a few min-
utes of rest (Vasera-1500; Fukuda Denshi Co., Ltd.). In brief, cuffs 
were attached to the brachia and ankles, and the pulse volume 
waveforms at four extremities were simultaneously recorded using 
a plethysmography sensor connected to the cuffs. Measurements 
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were recorded for 10  s under compression of 50  mmHg. BP at 
the right arm and ankle was measured continuously by a conven-
tional cuff-oscillometric method, followed by the left arm and ankle 
measurements.

2.4  |  Calculations of baPWV and CAVI

baPWV was calculated by the time interval between the wave fronts 
of the brachial and ankle arterial waveforms and the path length 
from the brachia to the ankle calculated based on the body height.4 
CAVI was calculated using the following formula,13 where Ps is sys-
tolic BP, Pd is diastolic BP, ∆P is pulse pressure, ρ is blood density 
(fixed value), and PWV is pulse wave velocity calculated using the 
estimated path length from the origin of the aorta to the tibial artery 
at the ankle and the estimated pulse transit time from aortic valve 
to tibial artery:

After excluding cases with large bilateral differences in baPWV 
or CAVI, we calculated the means of right and left side measure-
ments and used the mean value for the statistical analyses.

2.5  |  Assessment of CVD events

CVD events were defined as major adverse cardiac events including 
first-ever myocardial infarction, patients who underwent coronary 
artery bypass grafting or angioplasty,17,18 and stroke, including cer-
ebral infarction, as well as intracerebral and subarachnoid hemor-
rhage. CVD events were decided by an independent physician who 
has an in-depth knowledge of the epidemiological study of CVD 
using the following clinical information.

The clinical information required for the diagnosis of CVD was 
obtained from personal medical records stored in the three emer-
gency care hospitals (Nagahama City Hospital, Nagahama Red 
Cross Hospital, and Nagahama City Kohoku Hospital) located in 
Nagahama City. Well-trained nurses and laboratory technicians 
routinely visited these hospitals to find suspected cases of CVD 
and obtain the clinical records required for the diagnosis. When 
additional information from other hospitals was required for the 
diagnosis, we requested the hospitals to provide the information. 
Death records stored at the local healthcare center were also re-
viewed to identify individuals who suddenly died because of acute 
myocardial infarction or stroke.

Stroke was defined as the sudden onset of neurological symp-
toms lasting for at least 24 h, including death associated with neu-
rological deficits, according to the World Health Organization's 
Monitoring of Trends and Determinants in Cardiovascular Disease 
(WHO-MONICA) project.19 The diagnosis was based on the clini-
cal information at the time of onset (time, signs, and neurological 

symptoms), clinical observations (presence of atrial fibrillation and 
level of consciousness), and impairment of neurological function. 
Computed tomography and magnetic resonance imaging were also 
used to classify stroke subtypes. Among the study participants who 
were diagnosed with stroke, 99.2% had computed tomography or 
magnetic resonance images.

Major adverse cardiac events were diagnosed in accordance 
with the WHO-MONICA project19 with consideration for symp-
toms at the time of onset, electrocardiogram findings, blood mark-
ers (including creatine kinase), and coronary angiography findings. 
We considered patients classified as definitive or probable MI by 
the WHO-MONICA criteria, as well as individuals who underwent 
coronary revascularization, as having had major adverse cardiac 
events.

2.6  |  Basic clinical characteristics

Smoking habits and medication use were determined using a struc-
tured self-administered questionnaire. Brachial BP was measured 
twice using a cuff-oscillometric device (HEM-9000AI; Omron 
Healthcare) after a few minutes of rest in the sitting position. The 
mean of the two readings was used as a representative value. 
Hypertension was defined as either systolic BP ≥140 mmHg, dias-
tolic BP ≥90 mmHg, or taking antihypertensive drugs. Diabetes was 
defined as either fasting (≥6 h after last meal) glucose ≥126 mg/dl, 
nonfasting glucose ≥200 mg/dl, hemoglobin A1c ≥6.5%, or using hy-
poglycemic drugs. Dyslipidemia was defined as either high-density 
lipoprotein cholesterol of <40  mg/dl, low-density lipoprotein cho-
lesterol ≥140  mg/dl, or taking lipid-lowering drugs. The estimated 
glomerular filtration rate was calculated using the following formula: 
194 × creatinine−1.094 × age−0.287 (×0.739 if female).20 Chronic kid-
ney disease was defined as estimated glomerular filtration rate of 
<60  ml/min/1.73  m2 or albuminuria (urinary albumin ≥30  mg per 
day).

2.7  |  Statistical analysis

Values are expressed as mean  ±  standard deviation or frequency. 
Group differences in numeric variables were assessed by analysis 
of variance and frequency differences by a chi-squared test. The 
incidence rate was calculated as per 10 000 person-years. Cox pro-
portional hazard analysis was used to identify factors independently 
associated with the incidence of CVD. Penalized cubic splines were 
applied to clarify the relationship between the arterial stiffness pa-
rameters and its cardiovascular disease risks. In the longitudinal as-
sociation analysis including clinical values measured at the follow-up 
investigation as time-varying variables, a time-dependent Cox pro-
portional hazard model was applied for the analysis. In this analysis, 
each participant's follow-up time was divided into two time windows 
(initial five years and the later follow-up period), and the weighted 
average of all the time window-specific results was calculated.11 In 
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cases in which those follow-up measurements were not available, 
only the baseline measurements were included in the model. The 
proportional hazards assumptions were verified with a Schoenfeld 
residual test. Statistical analyses were performed using JMP 15.1.0 
software (SAS Institute), and Cox proportional hazard analysis was 
assessed using R 4.0.0 software (The R Foundation) with the survival 
package. A p value of less than 0.05 was considered to indicate sta-
tistical significance.

3  |  RESULTS

The clinical characteristics of study participants at the baseline and 
follow-up investigations are summarized in Table  1. There was a 
strong correlation between baseline baPWV and CAVI (r = 0.804; 
p <.001), as well as between baseline and follow-up measurements 
(5.0 ± 0.4 years after the baseline) of baPWV (r = 0.832; p <.001) 
and CAVI (r  =  0.820; p  <.001). In addition to the well-known risk 
factors for CVD, we included B-type natriuretic peptide (BNP) in 
the analysis as a marker of potential cardiac functional decline. At 
the baseline, 48 participants showed BNP of more than 100 pg/ml, 
which is a conventional cutoff value of heart failure in a population-
based study.

During the follow-up period (mean duration, 8.53  years), we 
observed 215 incident cases of CVD (stroke, n = 96; MI, n = 115; 
both, n = 4). The incidence rate was increased with the quartiles of 
baPWV (Q1, <1102  cm/s; Q2, <1226  cm/s; Q3, <1395  cm/s; and 
Q4, ≥1395 cm/s) or CAVI (Q1, <6.59; Q2, <7.33; Q3, <8.14; and Q4, 
≥8.14) (Table 2). The highest quartiles of baPWV and CAVI shared 
122 CVD cases. The C-statistics of baPWV and CAVI (continuous 
variables) calculated by Cox regression analysis without any adjust-
ment were 0.772 and 0.755, respectively.

There were considerable differences in the baseline clinical 
characteristics among the quartiles of baPWV (Table S1) and CAVI 
(Table S2). However, Cox regression analysis adjusted for these fac-
tors identified the highest quartiles of baPWV as an independent 
risk factor for CVD (Table 3, Model 1). Similar results were observed 
in the analysis excluding participants who developed CVD within 
1  year after the baseline investigation (n  =  24) [hazard ratio (HR), 
3.30; 95% confidence interval (CI), 1.19–9.20; p  =.022], as well as 
in the analysis including baPWV as a continuous variable (Table 3, 
Model 2). The hazard ratio of baPWV in the sex separated anal-
ysis was as follows: men, HR = 1.14 (95% CI, 1.04–1.25), p =.005; 
women, HR  = 1.17 (95% CI, 1.04–1.32), p  =.013, while that in the 
age-stratified analysis was follows: <60 years old, HR = 1.25 (95% 
CI, 1.02–1.54), p  =  .035; ≥60  years old, HR  =  1.15 (95% CI, 1.06–
1.25), p = .001). Penalized cubic splines indicated linear correlations 
between baseline baPWV and HR for incident CVD (Figure 1). CAVI 
was also independently associated with CVD when it was included 
in the model as a continuous variable (Table 3, Model 2), particularly 
in men [HR = 1.32 (95% CI, 1.08–1.62), p = .008] but not in women 
[HR  =  1.16 (95% CI, 0.88–1.53), p  =  .290], as well as in the older 
population [≥60 years old, HR = 1.23 (95% CI, 1.03–1.47), p = .025; 

<60 years old, HR = 1.44 (95% CI, 0.95–2.18), p = .089]. The notably 
higher incident rate of the fourth quartiles of CAVI in men (Table 2) 
might be a reason for the different association by sex. In contrast, no 
significant association was observed in the analysis including CAVI 
as quartiles (Table 3, Model 1), probably due to nonlinear correla-
tions between baseline CAVI and HR for CVD (Figure 1). Although 
BP was used for the calculation of CAVI, we further adjusted mean 
BP in the Cox regression model due to the substantial differences in 
mean BP among the quartiles of CAVI (Table S2).

The per unit HR of baPWV and CAVI did not change substantially 
when clinical values measured at the follow-up investigation were 
considered in the time-dependent Cox regression model as time-
varying variables (Table 3, Model 3). The full results of the regression 
analyses are summarized in Tables S3 and S4.

4  |  DISCUSSION

In this longitudinal study in a large general population with follow-
up measurements at 5  years after baseline, we showed that high 
baPWV and CAVI were associated with future CVD events in either 
analysis including the arterial stiffness indices as a fixed baseline risk 
factor or a time-varying risk factor. These associations were inde-
pendent of conventional risk factors, suggesting that the stiffness 
index calculated from a transient time of arterial waveform is a good 
prognostic marker for incident CVD.

baPWV was calculated using arterial waveforms measured at 
the brachial and tibial arteries. The concept to assess arterial stiff-
ness by pulse wave velocity calculated from its arrival time differ-
ences between brachia and tibial arteries was developed in Japan.4 
Therefore, baPWV has been widely used in clinical and epidemi-
ological studies in Japan and other East Asian countries, whereas 
its use in European studies was limited.21 Because the stiffness 
of large elastic arteries is recognized as physiologically import-
ant for cardiovascular frailty, baPWV partly reflecting peripheral 
arterial stiffness might not be considered as a standard measure 
for arterial stiffness. However, given the results of the present 
study and other studies that reported a close correlation between 
baPWV and invasively measured aortic PWV4 or non-invasively 
measured cfPWV,5 as well as between exercise-induced decreases 
in baPWV and cfPWV,22 baPWV may be useful as a risk marker for 
CVD, though baPWV is, in general, slightly faster than cfPWV.5 
Easy and automatic measurement without the requirement of spe-
cific skills for examiners is an advantage of baPWV. baPWV has 
higher repeatability than cfPWV in its measurement,23 which is 
also its strength. A cross-sectional study in the Atherosclerosis 
Risk in Communities study population24 reported that PWV at 
the leg artery (femoral-ankle PWV) had distinct features, namely 
the femoral-ankle PWV showed a smaller age-related change and 
weak associations with cardiovascular risk factors, which might be 
a reason for the weaker associations of baPWV with diabetes25 
and urinary albumin value than cfPWV.26 On the other hand, exer-
cise intervention was reported to decrease carotid-to-radial PWV 
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and femoral-to-dorsalis pedis PWV but not cfPWV,27 suggesting 
the involvement of PWV at muscular arteries in the favorable ef-
fects of exercise intervention on cardiovascular disease preven-
tion. Studies investigating the segmental differences in PWV in 
relation to the CVD events may further clarify the prognostic sig-
nificance of baPWV.

baPWV and CAVI showed significant association with CVD in 
either analysis using the traditional Cox model or time-dependent 
Cox model. Basically, result of the traditional Cox regression analysis 

indicates the relative risks of baseline risk factors related to the en-
tire follow-up period in a study, whereas that of a time-dependent 
analysis indicates the weighted average of time window-specific risk 
ratios.11 Results of the time-dependent analysis thus indicated rela-
tively short-time effects of the risk factors. The HRs of baPWV and 
CAVI calculated by the time-dependent analyses did not differ sub-
stantially with those obtained by the traditional analysis, suggesting 
that the prognostic significance of these stiffness indices might not 
be varied by follow-up period.

Baseline (n = 8850)
Follow-up 
(n = 7249)

Age (years) 53.9 ± 13.1 59.8 ± 12.6

Male sex (%) 33.5 33.5

BMI (kg/m2) 22.3 ± 3.3 22.2 ± 3.3

Smoking habit (current/past/never, %) 14.7/19.8/65.5 10.4/21.0/68.5

Blood pressure

Systolic (mmHg) 124 ± 18 125 ± 18

Diastolic (mmHg) 76 ± 11 72 ± 11

Heart rate (beats/min) 69 ± 10 68 ± 10

Antihypertensive medication (%) 16.3 25.5

Hypertension (%) 30.6 37.5

Glycemic markers

Glucose (mg/dl) 90 ± 15 88 ± 15

HbA1c (%) 5.5 ± 0.5 5.6 ± 0.5

Hypoglycemic medication (%) 2.7 5.0

Diabetes (%) 4.1 3.9

Lipid markers

HDL cholesterol (mg/dl) 65 ± 17 67 ± 17

LDL cholesterol (mg/dl) 124 ± 31 119 ± 29

Lipid-lowering medication (%) 11.6 21.7

Dyslipidemia (%) 41.2 43.1

Renal function

Creatinine (mg/dl) 0.7 ± 0.2 0.7 ± 0.2

eGFR (ml/min/1.73 m2) 79.2 ± 15.6 76.5 ± 14.6

Urinary albumin (mg/day) 19 ± 81 18 ± 76

Albuminuria (%) 8.8 8.2

CKD (%) 16.0 17.0

BNP (pg/ml) 17.0 ± 19.3 21.9 ± 22.2

baPWV (cm/s) 1,265 ± 216 1,313 ± 239

CAVI 7.40 ± 1.09 7.91 ± 1.15

Note: Values are mean ± standard deviation or frequency. Hypertension was defined as either 
systolic blood pressure (BP) ≥140 mmHg, diastolic BP ≥90 mmHg or taking antihypertensive drugs. 
Diabetes was defined as either fasting (≥6 h after last meal) glucose ≥126 mg/dl, nonfasting glucose 
≥200 mg/dl, hemoglobin A1c (HbA1c) ≥6.5%, or using hypoglycemic drugs. Dyslipidemia was 
defined as either high-density lipoprotein (HDL) cholesterol <40 mg/dl, low-density lipoprotein 
(LDL) cholesterol ≥140 mg/dl, or taking lipid-lowering drugs. Chronic kidney disease (CKD) was 
defined as estimated glomerular filtration rate (eGFR) <60 ml/min/1.73 m2, or albuminuria (urinary 
albumin ≥30 mg/day).
Abbreviations: baPWV, brachial-ankle pulse wave velocity; BMI, body mass index; BNP, B-type 
natriuretic peptide; CAVI, cardio-ankle vascular index; HbA1c, hemoglobin A1c.

TA B L E  1  Clinical characteristics of 
study participants
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baPWV and CAVI showed similar associations with the incidence 
of CVD when they were included in the regression model as a contin-
uous variable. However, in the analysis considering the lowest quar-
tile as a reference, any higher quartiles of CAVI did not identify as a 
significant risk factor for incident CVD. Because the highest quartile 
of baPWV and CAVI shared a large number of CVD cases, differences 
in the results of the association analysis might be owing to the higher 
incidence rate in the lowest quartile of CAVI. Nonlinear association in 
the penalized cubic splines between CAVI and HR for incident CVD 
supports this consideration. We previously reported that obese indi-
viduals had a lower value of CAVI, and baseline body mass index was 
inversely associated with 5-year changes in CAVI, possibly because 
of using a fixed ρ value in the calculation of CAVI.12 Although sev-
eral studies 28,29 reported an inverse association between BMI and 
baPWV, the degree was more substantial for CAVI when the results 

were compared with that in our previous study.12 A complication in 
its calculation and a consequent inverse association between body 
size and CAVI might be a reason for the higher incidence rate in the 
lowest quartile of CAVI. Furthermore, CAVI was strongly associated 
with BP though it was advocated as a BP independent index,13,14 sug-
gesting that the superiority of CAVI to baPWV regarding the BP inde-
pendency was limited. Another distinction of CAVI was without using 
heart-to-brachial PWV, PWV at the muscular artery, in its calculation. 
However, correlations between CAVI and cfPWV were weaker than 
those between baPWV and cfPWV,24 while another study reported 
similar associations among them.30 Given a result of a previous study 
in a healthy employee-based population,31 namely the association be-
tween CAVI and new onset of hypertension or retinopathy was less 
clear than baPWV, a simple calculable baPWV may be better suited 
for CVD risk assessment in primary care and public health practice.

TA B L E  2  Incidence rate of CVD by the quartiles of baseline baPWV or CAVI

Baseline baPWV quartiles Q1 Q2 Q3 Q4

baPWV (cm/s) 1,028 ± 54 1,163 ± 36 1,303 ± 48 1,563 ± 152

Number of participants 2201 2217 2209 2223

Total participants

Person-years 18 660 19 000 19 075 18 765

Number of CVD 5 24 43 143

Incidence rate 2.7 12.6 22.5 76.2

Men

Person-years 3951 6850 6903 7220

Number of CVD 2 14 24 88

Incidence rate 5.1 20.4 34.8 121.9

Women

Person-years 14 709 12 150 12 172 11 544

Number of CVD 3 10 19 55

Incidence rate 2.0 8.2 15.6 47.6

Baseline CAVI quartiles Q1 Q2 Q3 Q4

CAVI 6.06 ± 0.43 6.97 ± 0.21 7.72 ± 0.23 8.86 ± 0.58

Number of participants 2187 2230 2228 2205

Total participants

Person-years 18 710 19 082 19 193 18 514

Number of CVD 10 23 43 139

Incidence rate 5.3 12.1 22.4 75.1

Men

Person-years 3966 5529 6392 9038

Number of CVD 4 9 17 98

Incidence rate 10.1 16.3 26.6 108.4

Women

Person-years 14 744 13 553 12 802 9476

Number of CVD 6 14 26 41

Incidence rate 4.1 10.3 20.3 43.3

Note: Cardiovascular disease (CVD) includes symptomatic stroke, myocardial infarction, or percutaneous coronary intervention. The incidence rate is 
shown per 10 000 person-years.
Abbreviations: baPWV, brachial-ankle pulse wave velocity; CAVI, cardio-ankle vascular index.
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An opposite result has recently been reported from a longitu-
dinal study in older adults (mean age: 75 years),32 that is, cfPWV 
but not baPWV and CAVI was associated with CVD events, par-
ticularly with the incidence of heart failure. A possible reason for 
the discrepancy may be a difference in the mean age of the study 
population. Although, in our study population, the association 

between baPWV and CVD did not differ between older (≥60 years) 
and younger sub-populations, we did not include individuals aged 
≥75 years at baseline. Another reason might be differences in the 
outcome definition. We did not consider heart failure as an out-
come because accurate identification of heart failure in a general 
population is difficult.

TA B L E  3  Cox regression analysis for incident CVD

Cox regression model
Time-dependent Cox 
regression model

Model 1 Model 2 Model 3

HR (95% CI) p HR (95% CI) p HR (95% CI) p

baPWV 1st quartile reference

2nd quartile 2.02 (0.75 − 5.41) .162

3rd quartile 1.95 (0.73 − 5.25) .184

4th quartile 4.00 (1.46 − 10.98) .007

Per 1 m/s 1.15 (1.07 − 1.24) <.001 1.14 (1.06 − 1.23) <.001

CAVI 1st quartile reference

2nd quartile 0.98 (0.46 − 2.12) .966

3rd quartile 0.97 (0.46 − 2.05) .936

4th quartile 1.70 (0.80 − 3.63) .167

Per 1 unit 1.26 (1.07 − 1.48) .006 1.23 (1.04 − 1.44) .013

Note: Adjusted factors in all Models were age, sex, body mass index, current smoking, mean blood pressure, heart rate, hemoglobin A1c, low-density 
lipoprotein cholesterol, estimated glomerular filtration rate, urinary albumin (≥30 mg/day), and B-type natriuretic peptide (≥100 pg/ml). Overall p 
values of each model for Schoenfeld residuals test were as follows: baPWV: Model 1, 0.450; Model 2, 0.352; Model 3, 0.169 and CAVI: Model 1, 
0.346; Model 2, 0.518; Model 3, 0.240. Full results of the regression analysis are shown in Tables S3 and S4.
Abbreviations: baPWV, brachial-ankle pulse wave velocity; CAVI, cardio-ankle vascular index; CI, confidence interval; CVD, cardiovascular disease; 
HR, hazard ratio.

F I G U R E  1  Penalized cubic splines of the association between the arterial stiffness parameters and the hazard ratio for CVD events. Solid 
line, hazard ratio; dashed line, 95% confidence interval. Adjusted factors are age, sex, body mass index, smoking, mean blood pressure, heart 
rate, hemoglobin A1c, low-density lipoprotein cholesterol, estimated glomerular filtration rate, urinary albumin (≥30 mg/day), and B-type 
natriuretic peptide (≥100 pg/ml). baPWV, brachial-ankle pulse wave velocity; CAVI, cardio-ankle vascular index
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Our previous meta-analysis indicated approximately 16  m/s as 
the best cutoff value of baPWV in the assessment of CVD risk.10 In 
the meta-analysis, baPWV was calculated from the arterial wave-
forms measured using BP-203RPE II form PWV/ABI (Omron health-
care Co., Ltd.), whereas this study used the Vasera-1500 for the 
measurement. Although, in this study, the path length between the 
brachia and ankle required for baPWV calculation was estimated 
using the same equation with the meta-analysis, the mean baPWV 
value was substantially different between the studies, owing to dif-
ferences in the algorithm for wave front detection of the arterial 
waveform between the devices. However, because we calculated 
both baPWV and CAVI from the same arterial waveform measures 
obtained using the same device, our study setting comparing prog-
nostic significance of baPWV and CAVI might not be inadequate. 
Furthermore, although we observed a significant association be-
tween the highest quartile of baPWV and the incidence of CVD, the 
cutoff value of baPWV could not be simply compared with other 
studies using a different device to measure the arterial waveforms.

In summary, the arterial stiffness assessed by transient time of 
arterial waveforms, particularly baPWV, was found to be an inde-
pendent risk factor for future CVD events in a general population. 
Results of the present study strengthen the prognostic significance 
of baPWV by clarifying that the association remained significant 
when time-dependent changes in baPWV and other conventional 
risk factors were considered in the analysis.
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