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Association of worsening arterial stiffness
with incident heart failure in asymptomatic
patients with cardiovascular risk factors

Hiroe Aisu1,2, Makoto Saito1, Shinji Inaba1, Toru Morofuji1, Kayo Takahashi1,2, Takumi Sumimoto1,
Takafumi Okura2 and Jitsuo Higaki2

We investigated the independent and incremental role of worsening arterial stiffness in new-onset heart failure (HF) in patients

with preclinical HF. We retrospectively studied 456 consecutive asymptomatic patients with HF risk factors (hypertension,

obesity, type 2 diabetes mellitus, atrial fibrillation and ischemic heart disease) who underwent paired applanation tonometry

examinations (median interval of 2.4 years) during 2006–2011. Brachial ankle pulse wave velocity (baPWV) was measured as a

surrogate marker of arterial stiffness. Patients were followed up for admission for new-onset HF over a median duration of

4.9 years after the second examination. HF was observed in 30 patients (7%). The change in baPWV (ΔbaPWV) was significantly

associated with hospitalization for new-onset HF, independent of and incremental to comorbidities, renal dysfunction, left

ventricular (LV) dysfunction and baPWV at baseline. Even in patients with an LV ejection fraction of ⩾40%, ΔbaPWV was

significantly associated with hospitalization for new-onset HF after similar adjustments. When the patients were divided into

groups based on this cutoff value of ⩾15% ΔbaPWV and the generally accepted external cutoff value of ⩾1750 cm s−1 for

baseline baPWV, the Kaplan–Meier estimates of the time of hospitalization for new-onset HF showed that a higher rate of HF

was associated with higher baPWV at baseline and higher ΔbaPWV (P=0.00005). In asymptomatic patients with cardiovascular

risk factors, the deterioration in arterial stiffness was associated with hospitalization for new-onset HF, independent of and

incremental with the clinical LV function and increased stiffness parameters at baseline.
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INTRODUCTION

Heart failure (HF) is a common, costly and potentially fatal
condition.1 Increased arterial stiffness is an important risk factor for
not only mortality but also the onset of HF in patients with
cardiovascular diseases.2–5 Most cardiovascular risk factors and aging
cause increased arterial stiffness as a result of structural alterations,
collagen deposition, reduced elastin content and fractions, and
calcification via several biological processes, such as endothelial
dysfunction, increased oxidative stress or another inflammatory
injury.6 Further, enhanced arterial stiffness is associated with
an increase in left ventricular (LV) afterload concurrent with
hypertension, impaired coronary perfusion, increase in LV mass and
LV diastolic dysfunction, which may contribute to the eventual onset
of HF.7–10

Arterial stiffness can improve after lifestyle modifications and the
intake of antihypertensive drugs and statins.11–15 This improvement
may be caused mainly by reduced blood pressure and improved
endothelial function.11,12 However, improvement in arterial stiffness is

not necessarily observed in all patients irrespective of these
interventions.14,15 Guerin et al.15 reported that the absence of a pulse
wave velocity decrease in response to a blood pressure decrease was a
major factor contributing to the cardiovascular mortality of patients
with end-stage renal failure. Considering the above, progression of
arterial stiffness irrespective of appropriate intervention may maintain
or worsen situations involving an increase in LV afterload and
impaired coronary perfusion, which may lead to more LV dysfunction
and facilitate the occurrence of HF. This is probably particularly
important in patients with HF with preserved ejection fraction (EF)
and in whom treatment has not yet been standardized.16 Brachial
ankle pulse wave velocity (baPWV) is considered the standard method
for measuring arterial stiffness because it has been established to
be a simple, well-validated, reproducible technique of applanation
tonometry.17 Therefore, we hypothesized that deterioration in arterial
stiffness, determined by measurement of baPWV, is associated with
new-onset HF. The aims of this study were to assess (1) the
independent association and (2) incremental benefit of worsening
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baPWV for predicting the onset of HF relative to the general HF risks
and baseline baPWV in asymptomatic patients with cardiovascular risk
factors. Further, we investigated whether structural heart disease or the
LV ejection fraction (LVEF) influences this association.

METHODS

Study subjects
The process of patient selection is presented in Figure 1. In this retrospective

cohort study, 642 consecutive adult patients (age range: 35–89 years) who

underwent paired applanation tonometry examinations (⩾1 year interim

between examinations) during April 2006–March 2011 at Kitaishikai Hospital

were enrolled. Patients were excluded if they had an ankle-to-brachial blood

pressure ratio of o0.90 (n= 29) or if they did not have an echocardiographic

examination and blood test within 7 days before and after the tonometry

examinations (n= 45). Through a chart review of the remaining patients, those

without HF risk factors (hypertension, obesity, type 2 diabetes mellitus, atrial

fibrillation and ischemic heart disease) (n= 25) were excluded. Hypertension

was defined as a systolic blood pressure of ⩾ 140 mm Hg, diastolic blood

pressure of ⩾ 90 mm Hg, or current pharmacological treatment for

hypertension. Obesity was defined as a body mass index of ⩾ 25 kg m− 2.18

Type 2 diabetes mellitus was diagnosed according to standard criteria (plasma

glucose level, either fasting or 2 h value in a 75 g oral glucose tolerance test or

glycated hemoglobin A1c value). Atrial fibrillation was confirmed by a surface

electrocardiogram. Ischemic heart disease was diagnosed if the patient had a

history of myocardial infarction or coronary intervention or evident coronary

artery disease based on cardiac catheterization. Further, patients with more than

moderate valvular heart disease (n= 45) were also excluded on the basis of their

echo reports. In addition, five patients who had an evident symptom of HF at

rest at the time of the first examination were excluded. Finally, 37 patients who

were admitted owing to HF during the interim between the first and second

examinations were excluded. Therefore, the final analysis was based on data

from 456 asymptomatic patients without a history of admission owing to HF.

The institutional review board of Kitaishikai Hospital approved the

retrospective use of the patients’ data.

Pulse wave analysis
We measured baPWV as a surrogate marker of arterial stiffness. Subjects were
examined in the morning (0830–0900) after a 12 h overnight fast in a quiet,
temperature-controlled laboratory (22 °C) after 15 min of lying supine. The
volume–plethysmographic method was used to noninvasively measure baPWV
using previously validated equipment (form PWV/ABI; Colin Medical
Technology, Komaki, Japan). A detailed description of this device has been
reported previously.19 The average of the right and left baPWV values was used
in the final analysis.

Echocardiography
Transthoracic echocardiography was performed by experienced sonographers
using a commercially available ultrasound machine (Vivid 7; GE Vingmed,
Horten, Norway). Conventional echocardiographic parameters were measured
according to the recommendations of the American Society of
Echocardiography.20,21 LV mass was calculated according to the American
Society of Echocardiography formula and was normalized to body surface area.
LVEF was calculated by the method of disks using two-dimensional images. In
the apical four-chamber view, the average of two early diastolic mitral annular
tissue velocity (e′) values was also measured with the sample volume positioned
at both the septal and lateral mitral annulus. The combined assessment of the
transmitral early diastolic velocity (E) and e′ was used to calculate E/e′.
In the present study, we used the following criteria to determine the stage of

HF, as discussed in previous reports.22,23 Stage B HF was defined based on the
presence of any of the following abnormalities: history of myocardial infarction,
LV hypertrophy (LV mass index495 g m− 2 for women and 4115 g m− 2 for
men), and E/e′413. Stage A HF was defined as asymptomatic patients with HF
risks without the structural and functional cardiac abnormalities described
above.

Clinical data
Clinical parameters, including comorbidities and medical history, medication
and serum markers, were collected via chart review. The average value of the
right- and left-brachial blood pressure at the measurement of baPWV was used
as the blood pressure value. The estimated glomerular filtration rate (eGFR)
was calculated from serum creatinine using the revised equations for eGFR in
Japan.24

Outcomes
Kitaishikai Hospital is a core hospital in Ozu City, Japan, that supports
physicians, and most regular patients are normally admitted. Further, only
Kitaishikai Hospital offers cardiology services in this medical district. Therefore,
most patients with cardiovascular diseases, including HF, are referred to and
admitted to Kitaishikai Hospital. So, only admission data for Kitaishikai
Hospital were analyzed.
The primary outcome was admission for new-onset HF. The admission

codes (ICD-10 (International Classification of Diseases, 10th revision) codes)
used were I500 for congestive HF, I501 for LV failure and I509 for HF,
unspecified. The secondary outcome was cardiovascular death or admission for
new-onset HF. Cardiovascular death was defined as death due to acute
myocardial infarction, sudden cardiac death, HF and stroke. These outcomes
were followed up after the second examination. Outcomes were screened by the
coded data and then confirmed by two cardiologists (TM and MS), blinded to
the patients’ clinical data, reviewing each medical record or mailing or calling
the patients, their relatives or the general practitioners. To increase the external
validity of the primary outcome, the value of brain natriuretic peptide (BNP) at
admission was checked in the patients with the primary outcome. Patients were
censored at the time of the outcome or at the end of follow-up (31 July 2015).

Statistical analysis
Data are expressed as median (interquartile range (IQR)) or number
(percentage). The percent change in the study parameters was calculated as
the absolute difference divided by the absolute value at baseline. Overall,
o5% of observations were missing, with the exception of e′ and E/e′ (6%).
Missing e′ values were imputed from propensity models using parameters
without missing data (age, sex, ischemic heart disease, diabetes mellitus,

Figure 1 Selection of patients with asymptomatic heart failure for the study
protocol. ABI, ankle brachial index; AF, atrial fibrillation; HF, heart failure;
HTN, hypertension; T2DM, type 2 diabetes mellitus; VHD, valvular heart
disease.
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hypertension, atrial fibrillation, cerebrovascular disease, body mass index,

systolic blood pressure, heart rate, LVEF, LV mass index and eGFR). E/e′
was calculated using the interpolated e′ value. Other continuous variables

(o5%) were imputed using the corresponding mean value.
For multiple comparisons, one-way analysis of variance or χ2 tests were used,

followed by Bonferroni correction as appropriate. Comparisons of the repeated

values were carried out using a Wilcoxon signed-rank test. Univariate linear

regression analyses were used to evaluate the associations between changes in

baPWV (ΔbaPWV) and the study parameters. Univariate and multivariate Cox

proportional hazards models were used to determine the contribution of the

primary and secondary outcomes. The optimum model candidates were

selected based on the significant (Po0.10) variables in the univariate analysis

and clinically relevant parameters. The independence of ΔbaPWV was

examined using five different models. This was also confirmed in the subgroups

of patients with LVEF440%. The incremental value of ΔbaPWV was also

assessed using two Cox sequential multivariate models. Baseline baPWV was

included in the model with ΔbaPWV because their correlation was weak

(R2= 0.08). After the addition of ΔbaPWV, the overall change in log-likelihood

ratio χ2 was used to assess any increase in predictive power. Harrell’s C-statistic

was used to evaluate model performance.25 The receiver-operating character-

istic (ROC) curves were used to determine the optimal baPWV at baseline and

ΔbaPWV cutoff values for associations with the primary outcome. Survival was

estimated using the Kaplan–Meier method, and differences in survival between

groups were assessed using the log-rank test.
Statistical analysis was performed using standard statistical software packages

(SPSS version 20.0; SPSS Inc., Chicago, IL, USA), and statistical significance was

defined by Po0.05.

RESULTS

Patient characteristics at baseline
Table 1 summarizes the clinical, therapeutic, echocardiographic and
stiffness parameters. The median age at baseline was 71 years. The
proportion of men was 309 (68%). Among the study population,
229 (50%) had ischemic heart disease; of these, 89 patients had a
history of myocardial infarction. The median interval between the first
and second tonometry examinations was 2.4 (IQR, 1.7–3.3) years. The
median baPWV at baseline and follow-up and ΔbaPWV was 1725 and
1734 cm s− 1, respectively. The median ΔbaPWV was 1.0% (IQR,
− 7 to –11%).

Outcomes
During a median follow-up of 4.9 (IQR 4.3–5.6) years after the second
examination, 30 patients (7%) developed HF and 52 had cardiovas-
cular deaths or admission for HF (11%). Of the 30 patients with the
primary outcome, 17 (57%) were hospitalized owing to conditions
that were categorized as clinical scenario 1.26 The most frequent
precipitating factor for HF admission was ischemic heart disease
(n= 15, 50%), followed by arrhythmias (n= 6, 20%), valvular heart
disease (n= 4, 13%), hypertension (n= 3, 10%) and unknown (n= 2,
7%). The BNP value at admission for HF in patients with the primary
outcome (510 (IQR 281–1130) pg ml− 1) was significantly higher than
that at baseline (111 (IQR 61–184) pg ml− 1, Po0.01).

Associations with ΔbaPWV
Supplementary Table 1 compares the clinical characteristics in patients
with and without baPWV progress (ΔbaPWV, ⩾ 0% vs. o0%).
ΔbaPWV was positively associated with ischemic heart disease and
the change in blood pressure, and negatively associated with blood
pressure at baseline, hypertension, calcium channel blockers use and e′.

Associations between baseline study parameters and hospitalization
for new-onset HF
Supplementary Table 2 shows the univariate Cox regression analyses
for the baseline study parameters that were associated with the
primary outcome. The primary outcome was significantly associated
with age, lower diastolic blood pressure, atrial fibrillation, higher BNP,
lower eGFR, lower hemoglobin, larger left atrium, greater impairment
of LV diastolic function, higher baPWV at baseline and follow-up, and
deterioration of baPWV.

Independent association of ΔbaPWV with the outcomes
In the multivariate Cox regression analyses (Table 2), age, atrial
fibrillation, BNP, eGFR and E/e′ were significantly associated with
hospitalization for new-onset HF. ΔbaPWV was also independently
associated with hospitalization for new-onset HF in all models.
Similarly, ΔbaPWV had an independent association with cardio-
vascular death or admission for HF (Supplementary Table 3).

Association of ΔbaPWV and primary outcome in the subgroups
Of 436 patients with LVEF440%, 28 were hospitalized for new-onset
HF. In this subgroup, ΔbaPWV was also independently associated
with the primary outcome in the comorbidity, laboratory, echo,
hemodynamic and medication models (Supplementary Table 4).
Although ΔbaPWV was not associated with the primary outcome in
the demographic model, the effect size was similar. Stage B HF was
identified in 259 patients (57%), 21 of whom were hospitalized
for new-onset HF. The remaining patients (n= 188, 43%) were
considered to have stage A HF. In patients with stage B HF, ΔbaPWV
had a tendency to be associated with the primary outcome (per 10%
increase, hazard ratio (HR= 1.25 (95% confidence interval (CI)
0.97–1.61), P= 0.09). In patients with stage A HF, ΔbaPWV was
significantly associated with the primary outcome (per 10% increase,
HR= 1.48 (95% CI 1.06–2.07)), P= 0.02). In the ROC analysis, the
optimal cutoff values of baPWV at baseline and ΔbaPWV for
predicting the primary outcome in stage A were 1675 cm s− 1

(area under the ROC curve (AUC)= 0.66, sensitivity= 79%,
specificity= 50%) and 11% (AUC= 0.61, sensitivity= 56%,
specificity= 78%), and those in stage B were 1870 cm s− 1

(AUC= 0.56, sensitivity= 71%, specificity= 60%) and 18%
(AUC= 0.66, sensitivity= 38%, specificity= 87%).

Incremental value of ΔbaPWV
In the sequential Cox models, the model based on age, sex, mean
blood pressure, heart rate, ischemic heart disease and atrial fibrillation
demonstrated significant incremental improvements after the
subsequent additions of BNP, eGFR, E/e′ and ΔbaPWV (Figure 2).
However, the model based on clinical parameters, BNP, eGFR and E/e′
was not significantly improved by adding baPWV at baseline
(C-statistic 0.84–0.84, P= 0.68). In addition, the model based on
baPWV at baseline was significantly improved after the addition of
ΔbaPWV (C-statistic 0.65–0.72, Po0.01). In the final model, baPWV
at baseline (per 100 cm s− 1 increase, HR= 1.21 (95% CI 1.11–1.33),
Po0.01) and ΔbaPWV (per 10% increase, HR= 1.51 (95% CI
1.23–1.86), Po0.01) were independently associated with the primary
outcome.

Discriminative ability of ΔbaPWV
The ROC curve analysis for the associations of hospitalization for
new-onset HF (AUC= 0.60, P= 0.02) showed that a ΔbaPWV of
⩾ 15% had optimal sensitivity (37%) and specificity (85%). When the
patients were divided into groups based on this cutoff value of ⩾ 15%
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ΔbaPWV and the generally accepted external cutoff value of
⩾ 1750 cm s− 1 for baPWV,5 the Kaplan–Meier estimates of time to
hospitalization for new-onset HF showed that a greater rate of HF
(Figure 3a) and composite secondary outcome (Figure 3b) were
associated with a higher baPWV at baseline and higher ΔbaPWV.

Exploration of selection bias
Because of concern regarding referral bias in the selection process, we
also evaluated the clinical characteristics of the patients who were
admitted for HF during the interim between the first and second
tonometry examinations (n= 37) (Supplementary Table 5). Patients

excluded because of HF admission before the second examination
were significantly older and had a lower frequency of dyslipidemia,
higher use of loop diuretics and spironolactone, higher BNP, and
higher LV mass index than the enrolled patients who were admitted
for HF after the second examination. baPWV at baseline and follow-
up were significantly higher in patients with admission for HF than in
patients not admitted for HF. Overall, LV dysfunction seemed to
occur more frequently in the excluded patients. In addition, baPWV
was likely to be increased in the patients who were admitted for HF
before (P= 0.09) and after the second examination (P= 0.04).
Consequently, ΔbaPWV in both groups of patients admitted for HF
was larger than that in patients not admitted for HF, but it was
significant only in the patients admitted for HF after the second
examination. The interval between the paired tonometry examinations
was almost the same in all groups.

DISCUSSION

This study on the prognostic significance of worsening arterial stiffness
within a medium-term interval in asymptomatic patients with
cardiovascular risk factors had several important findings. First,
deterioration of arterial stiffness was independently associated with
hospitalization for new-onset HF and with incremental changes in
clinical and LV function parameters. Second, this association appeared
to be applicable in the subgroup of patients with preserved LVEF.
Finally, worsening arterial stiffness might provide an incremental
benefit over increased arterial stiffness at baseline for the association
with hospitalization for new-onset HF.

Possible mechanism of worsening arterial stiffness with HF
development
Arterial stiffness has been reported to play a potential role in the
pathophysiology of HF.7,27 As the aorta stiffens, owing to several
atherosclerotic risk factors, the velocity of the pressure wave increases
and the reflected pressure wave eventually reaches the heart during
systole rather than during diastole. This could be the cause of the
augmented systolic blood pressure, the late peak of blood pressure
(loading sequence: increase in late-systolic load) and the subsequent
decreased diastolic blood pressure, all of which result in an increase in
cardiac afterload and myocardial oxygen demand and impairment of
myocardial blood flow.19,28–30 In this setting, these processes could
eventually influence LV diastolic dysfunction and lead to elevated LV
filling pressure, congestion and HF.4,5,8

Recent literature has shown that arterial stiffness is treatable mainly
by reducing blood pressure and improving endothelial function.11–15

In addition, no improvement in arterial stiffness irrespective of
antihypertensive treatment has been shown to be associated with
cardiovascular mortality in patients with advanced atherosclerosis,
such as end-stage renal failure.15 Considering the points above, in
cases in which arterial stiffness has not improved or has deteriorated,
the hemodynamically harmful effect caused by increased arterial
stiffness on LV function and coronary perfusion described above
may continue, which may facilitate cardiovascular events, including
the onset of HF. In the present study, worsening baPWV was
significantly associated with deterioration in LV diastolic function,
which may support this theory. In addition, the patients in the present
study were elderly and had a high prevalence of ischemic heart disease.
Therefore, coronary perfusion abnormalities may be more easily
provoked. In fact, the most common cause of new-onset HF was
ischemic heart disease.
A recent meta-analysis has shown that the strongest independent

association for incident HF is ischemic heart disease.31 Arterial

Table 1 Baseline patient characteristics

Overall (n=456)

Variables Baseline F/U

Age (years) 71 (61–76) 73 (63–79)

Male sex, n (%) 309 (68) —

Body mass index (kg m−2) 24.4 (22.7–26.6) 24.3 (22.4–26.8)

Heart rate (min−1) 62 (54–69) 62 (55–69)

Systolic blood pressure (mm Hg) 133 (119–148) 130 (119–142)

Diastolic blood pressure (mm Hg) 75 (69–83) 74 (67–80)

Mean blood pressure (mm Hg) 101 (92–112) 101 (92–109)

Pulse pressure (mm Hg) 57 (48–67) 56 (48–65)

Comorbidities
Ischemic heart disease, n (%) 229 (50) —

Diabetes, n (%) 144 (32) —

Hypertension, n (%) 321 (70) —

Dyslipidemia, n (%) 223 (49) —

Atrial fibrillation, n (%) 87 (19) —

Medications
ACEi/ARB, n (%) 233 (51) 236 (52)

Calcium channel blockers, n (%) 292 (64) 288 (63)

β blockers, n (%) 173 (38) 181 (40)

Thiazide diuretics, n (%) 43 (9) 46 (10)

Loop diuretics, n (%) 49 (11) 52 (11)

Spironolactone, n (%) 37 (8) 38 (8)

Statin, n (%) 204 (45) 210 (46)

Serum markers
Brain natriuretic peptide (pg ml−1) 46 (18–96) 43 (19–92)

eGFR (ml min−1 1.73 m−2) 68 (57–81) 65 (53–77)

Sodium (mmol l−1) 141 (139–142) 140 (139–141)

Hemoglobin (g l−1) 13.3 (12.0–14.5) 13.3 (11.8–14.4)

Echocardiographic parameters
LV end-diastolic diameter (mm) 50 (46–53) 50 (47–54)

LV end-systolic diameter (mm) 32 (28–35) 31 (28–37)

LV ejection fraction (%) 64 (56–69) 64 (58–69)

LV mass index (g m−2) 89 (77–104) 87 (75–102)

Left atrial diameter (ml m−2) 39 (35–43) 41 (36–44)

e′ (cm s−1) 6.0 (4.7–7.0) 5.8 (4.6–7.2)

E/e′ 11.0 (9.0–14.0) 11.6 (9.2–14.5)

Stiffness parameter
baPWV (cm s−1) 1725 (1493–1985) 1734 (1517–2016)

Abbreviations: ACEi, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor
blockers; baPWV, brachial ankle pulse wave velocity; e′, early diastolic mitral annular velocity;
eGFR, estimated glomerular filtration rate; F/U, follow-up; LV, left ventricular. Data are
expressed as median (interquartile range) or number (percentage).
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stiffness is closely related to endothelial function, which has an
important role in the development of ischemic heart disease.27,32

Therefore, the continuation of increased arterial stiffness may be
closely associated with deterioration in endothelial function and,
consequently, lead to deterioration in coronary perfusion, LV dysfunc-
tion and, eventually, the onset of HF. Otsuka et al.30 demonstrated the
long-term harmful effects of decreased aortic distensibility on the heart
in relation to coronary perfusion in dogs, which may corroborate this
theory.
Finally, previous papers have shown that increased sympathetic tone

was associated with increased pulse wave velocity.33 In addition,
it is well known that sympathetic nerve activity is closely associated
with the occurrence of HF.34 Possibly, elevated sympathetic tone
may mediate the association between deteriorated arterial stiffness
and HF progression. However, ΔbaPWV may reflect a consequence
of increased sympathetic tone in developing HF rather than a
cause of HF.

Significance of the present study
In this study, the deterioration of baPWV demonstrated a significant
incremental benefit over increased baPWV at baseline for the
association with hospitalization for new-onset HF. Normally, the
progression of arterial stiffness is slow.35 However, our results
suggested that a combination of increased baseline arterial stiffness
and a relatively rapid worsening of arterial stiffness over a medium-

term follow-up might be more associated with adverse cardiac events,
compared with the individual contribution of each parameter. These
findings might highlight the importance of follow-up studies.
Currently, there is no best therapy for patients with HF with

preserved EF, but several review articles have suggested that arterial
stiffness modulates ventricular loading conditions and diastolic
function, which are the key components of HF with preserved
EF.16,27 The present study also demonstrated the independent
association between worsening baPWV and the onset of HF in
patients with preclinical HF with preserved EF. In addition, the
deterioration of baPWV seemed to be associated with the onset of HF
even in the absence of cardiac structural and functional abnormalities.
These findings suggest that deterioration of vascular function is an
important contributor to the progression of HF even in the early stage
of HF without advanced LV dysfunction. In general, advanced HF
becomes intractable to treatment and leads to poor outcomes.36

Therefore, the present study results may indicate that early interven-
tion for arterial stiffness is important for the prevention of HF.
In the present subgroup study, higher optimal cutoff values of

ΔbaPWV and baseline baPWV in stage B than those in stage A were
observed. These results might be explained by the higher age in stage B
than that in stage A (73 (65–78) years vs 68 (59–74) years, Po0.01).
Interestingly, the AUC of baseline ΔbaPWV for predicting new-onset
HF was larger than that of the baseline baPWV in stage A, whereas the
opposite result was observed in stage B. This result indicates that
deterioration in arterial stiffness may contribute to the onset of HF in
earlier stages of HF, whereas arterial stiffness itself has a stronger
influence in later stages of HF. Therefore, the results suggest that
attention should be given to deterioration in arterial stiffness,
particularly in early-stage HF.
Similar to the findings in previous reports,14 the use of calcium

channel blockers was significantly associated with a decrease in
baPWV in our study. This effect may be mainly because calcium
channel blockers enable the generation of stronger and more stable
antihypertensive effects than those of other antihypertensive
medications.37,38 Although the use of calcium channel blockers was
not directly associated with HF progression because the cause of HF
was multifactorial,31 it might secondarily prevent HF development by
improving baPWV.
However, the effect of ΔbaPWV on the progress of HF might be

smaller than that of the conventional risk factors, such as LV

Figure 2 Incremental value of ΔbaPWV over clinical and echocardiographic
parameters as a correlate of hospitalization for new-onset heart failure.
baPWV, brachial ankle pulse wave velocity; BNP, brain natriuretic peptide;
CI, confidence interval; E, early diastolic velocity; e′, early diastolic mitral
annular velocity; eGFR, estimated glomerular filtration rate; HR, hazard ratio.

Figure 3 Kaplan–Meier estimates of time for the occurrence of heart failure according to baseline baPWV and ΔbaPWV. baPWV, brachial ankle pulse wave
velocity. (a) Admission for heart failure. (b) Cardiovascular deaths or admission for heart failure.
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dysfunction and comorbidities. In fact, ΔbaPWV was larger in
excluded patients with higher HF risks who were hospitalized for
HF before their follow-up examinations than in patients not admitted
for HF, but the difference was not significant.

Study limitations
First, this retrospective analysis had limitations with respect to
potential confounders and risk of bias, although conventional clinical
risks were accounted for and the corresponding treatments were
obtained. In addition, although we had paid the utmost attention to
HF symptoms from the chart review, some patients with very mild HF
symptoms may have been enrolled. Second, the interval between the
examinations was medium-term, but it was not fixed. However,
the deterioration of baPWV was significantly associated with
hospitalization for new-onset HF after adjustment for the interval
between examinations (per 10% increase, HR= 1.31 (95% CI
1.06–1.61), P= 0.01). In addition, the duration between examinations
was comparable between the patients with and without hospitalization
for new-onset HF. Finally, we included patients with atrial fibrillation
in the present study. Although heart rate is an important confounder
of pulse wave velocity assessment, previous articles have shown the
prognostic significance of baPWV in patients with atrial fibrillation.39

Furthermore, echocardiographic parameters were determined if the
ratio of preceding and pre-preceding intervals was almost 1, and then
averaged from at least three cardiac cycles in these patients. In
addition, ΔbaPWV was significantly associated with incident HF even
in the enrolled patients without atrial fibrillation (n= 369, new-onset
HF= 20 per 10% increase, HR= 1.35 (95% CI 1.05–1.74), P= 0.02).

Clinical implication
The present study may imply the importance of paying attention to
worsening arterial stiffness as one of the risk factors of overt HF,
particularly in patients with preclinical HF. Currently, pulse wave
velocity is readily available in the clinical setting.17 This makes it easier
for worsening pulse wave velocity to be readily used in the clinical
setting to identify patients at higher risk for admission for HF.

Conclusions
Deterioration of baPWV, which is an index of arterial stiffness, was
associated with hospitalization for new-onset HF, independent of and
incremental with clinical and echocardiographic parameters in the
asymptomatic phase of HF, even in patients with preserved LVEF.
Worsening arterial stiffness might have an incremental benefit over
increased arterial stiffness for estimating HF progression. However,
this was a single-center, retrospective cohort study. Larger multicenter
studies are warranted to confirm these results.
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