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Abstract
Introduction: The cardio-ankle vascular index (CAVI) is a 
noninvasive indicator used to assess arterial stiffness and 
predict atherosclerotic cardiovascular disease (ASCVD). CAVI 
represents a scale-converted form of the stiffness parameter 
β. Both CAVI and β reflect overall arterial stiffness from the 
heart to the ankle. However, there are distinct mechanistic 
pathways underlying the heterogeneous progression of 
ASCVD across the arterial tree (e.g., elastic and muscular 
arteries). Thus, the present study aimed to (1) examine 
differences in segmental β between elastic and muscular 
arteries at rest; (2) compare these differences between 
young and older adults at rest; and (3) further compare 
them with the segmental β responses observed after 
exercise. Methods: Eighty-three healthy individuals aged 
18–52 years were recruited and divided into two groups: the 
young group (18–23 years, n = 57) and the adult group 
(31–52 years, n = 26). Cuffs were applied to both upper arms, 

the left thigh, and the right ankle. Segmental β was 
measured at rest as well as immediately after exercise 
using the Master’s two-step exercise test. Results: At rest, 
muscular arterial stiffness (thigh-ankle β [taβ]) was 4.7 times 
higher in the young group and 2.8 times higher in the adult 
group, compared to that of the elastic arteries (heart-thigh β 
[htβ]). htβ and heart-ankle β (haβ) were higher in the adult 
group than in the young group (p < 0.05), whereas taβ was 
lower in the adult group (p < 0.05). After exercise, taβ, htβ, 
and haβ decreased in both groups. In the young group, 
exercise-induced β reduction was greatest in taβ, compared 
with htβ and haβ. This reduction was significantly greater in 
the young group than in the adult group (e.g., reduction in 
taβ was 4.9 times greater in the young group). Conclusion:
This study demonstrated distinct segmental β values be
tween elastic and muscular arteries, suggesting that the 
inherent stiffness of the arterial beds should ideally be 
assessed separately. © 2026 The Author(s). 
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Introduction

The cardio-ankle vascular index (CAVI) is a nonin
vasive and convenient method for assessing arterial 
stiffness [1, 2] and is a predictor of atherosclerotic 
cardiovascular disease (ASCVD) [3–6]. CAVI = a {(2 ρ / 
[systolic-diastolic BP]) × ln (systolic BP / diastolic BP) 
PWV2} + b. BP is blood pressure, PWV is pulse wave 
velocity from the origin of the aorta to the tibial artery at 
the ankle through the femoral artery, ρ is blood density, 
and a and b are constants in order to adjust the values of 
CAVI to those of Hasegawa’s PWV. CAVI employs the 
following equation derived from the β theory of stiffness 
parameters applying the Bramwell-Hill equation. β = (2 ρ / 
[systolic-diastolic BP]) × ln (systolic BP / diastolic BP) 
PWV2. Takahashi et al. [2] reported that even when ex
cluding the constants from the CAVI formula, β remains a 
useful indicator of arterial stiffness in both epidemiological 
and clinical research. Therefore, we used the CAVI, PWV, 
and β in the present study.

CAVI and β integrate the arterial stiffness across the 
arterial tree, from the heart to the ankle. However, within 
the arterial tree, the structure, stiffness, and composition 
of elastic and muscular arteries differ [7, 8]. Recent 
studies have reported that there are differential histo
logical, pathological, and mechanistic pathways under
lying the heterogeneous progression of ASCVD across 
the arterial tree [9]. The aorta and carotid arteries are 
elastic arteries with high concentrations of elastic fibers 
in the tunica media, allowing them to expand during 
systole and contract during diastole. In contrast, the 
brachial, coronary, radial, and femoral arteries are 
medium-sized vessels containing more connective tissue 
and fewer elastic fibers than the aorta and common 
carotid artery [9, 10]. Elastic and muscular arteries differ 
in structure, function, and mechanical properties and 
may also exhibit distinct patterns of adaptation to aging 
and exercise. Yamamoto et al. [11] reported that ni
troglycerine administration reduced CAVI, the β theory- 
applied index of the aorta (htβ), and the femoral and 
tibial arteries (taβ), with varying rates in each index. We 
previously reported, using rabbit experiments, that 
segmental β of elastic and muscular arteries differed in 
response to BP changes due to several drugs or acute 
hypovolemia [12–15]. Evaluating the stiffness of dif
ferent parts of the arterial tree separately allows for a 
deeper understanding of the morphological, mechanical, 
structural, and physiological differences between human 
elastic and muscular arteries. Furthermore, this aids in 
constructing a framework for growth and remodeling 
that explains vascular ageing [7, 16–18]. Thus, in the 

present study, we compared segmental β of elastic and 
muscular arteries at rest between two different age- 
groups and further compared these values with 
exercise-induced segmental β.

Methods

Study Participants
This study was conducted at Fukushima Medical 

University School of Health Sciences. We recruited 
healthy individuals with no history of smoking, hyper
tension, diabetes mellitus, dyslipidemia, or ASCVD. 
Eighty-three healthy individuals (mean 25.7 ± 10.7 years; 
35 males, 42.2%) were recruited. The participants were 
divided into two groups: older adolescents and young 
adults, with an age range of 15–24 years (young group; 
n = 57) and adults aged 25–59 years (adult group; n = 26) 
[19]. In this study, we (1) examined differences in 
segmental β between elastic and muscular arteries at rest; 
(2) compared these differences between the young and 
adult groups; and (3) further compared them with 
exercise-induced segmental β.

Evaluation of Arterial Stiffness (Segmental β)
Cuffs were applied to both upper arms, the left thigh, 

and the right ankle, and pulse waves were measured at 
each segment (Fig. 1a). The participant remained at rest 
for 10 min prior to measurement. Segmental β, PWV, 
and BP were measured using a CAVI device (VaSera VS- 
3000 TE; Fukuda Denshi Co., Ltd., Tokyo, Japan). BP at 
the left upper brachial artery was used for all arterial 
stiffness calculations [11]. The stiffness of the elastic 
artery (htβ), muscular artery (taβ), and overall arterial 
tree (haβ) was calculated from BP and PWV measure
ments between the heart and left thigh (htPWV; aortic 
origin to left femoral artery), left thigh and right ankle 
(taPWV; left femoral to right tibial artery), and heart and 
right ankle (haPWV; aortic origin to right tibial artery), 
respectively [1]. As it is difficult to measure ipsilateral 
haPWV and taPWV simultaneously here, we employed 
the right tibial artery instead of the left tibial artery for 
measurement. This is consistent with a method reported 
by Yamamoto et al. [11]. CAVI was calculated from haβ 
and coefficients a and b [2]. CAVI0 was calculated using 
a method developed by Spronck et al. [20].

Exercise Methods
The Master’s two-step exercise test is a widely used 

exercise stress test due to its relatively simple tech
nique and lack of requirement for specialized exercise 
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equipment. A wooden step with a height of 9 inches per 
step was used for Master’s two-step exercise test. The 
width of each step in its longest dimension was 24 inches. 
There are two steps, and the participants must continu
ously ascend and descend the steps at the specified pace 
for 3 min without stopping [21, 22]. The number of steps 
was determined according to each participant’s age, sex, 
and body weight. In the present study, the Master’s two- 
step exercise test using the double method (3 min) was 
adopted, and this exercise intensity corresponds to ap
proximately six metabolic equivalents of task. Measure
ments of htβ, taβ, haβ, heart rate (HR), systolic BP, and 
diastolic BP were obtained at rest before exercise and 
immediately after exercise.

Statistical Analysis
Normality of the data was assessed using the Shapiro- 

Wilk test. Normally distributed data are expressed as 
mean ± standard deviation. Comparisons of parametric 
variables between groups were performed using inde
pendent t tests, while paired t tests were employed for 
comparisons within groups. Relationships between 
parametric variables (e.g., age, weight, HR, BP, β, PWV) 

were examined using Pearson’s correlation coefficients. 
To determine associations between arterial stiffness 
parameters and confounding variables, simple regression 
analysis and multiple regression analysis were per
formed. A p value of < 0.05 was considered statistically 
significant in all analyses. All analyses were conducted 
using IBM SPSS Statistics version 26 (IBM, Armonk, 
NY, USA).

Results

Comparisons of htβ, taβ, and haβ at rest between the 
young (18–23 years, n = 57) and adult (31–52 years, n = 
26) groups are presented in Figure 1b. The stiffness of 
muscular arteries (taβ) was 4.7 times higher than that of 
elastic arteries (htβ) in the young group and 2.8 times 
higher in the adult group. htβ and haβ were higher in the 
adult group than in the young group (p < 0.05), whereas 
taβ was lower in the adult group (p < 0.05). Simple 
correlations are presented in Table 1. A strong corre
lation was observed between haβ and both CAVI and 
CAVI0 (R = 0.996, p < 0.01; R = 0.934, p < 0.01). CAVI0 

a

b

Fig. 1. a Measurement sites for haβ, htβ, 
and taβ. Segmental β response was mea
sured using the vessels from the aortic 
origin to the left femoral artery (heart- 
thigh, htβ) as the elastic artery and from 
the left femoral artery to the right ankle 
(thigh-ankle, taβ) as the muscular artery 
haβ was measured using the vessels from 
the aortic origin to the ankle (heart-ankle). 
b Comparisons of haβ, htβ, and taβ be
tween the young and adult groups at rest. 
Data are expressed as mean ± standard 
deviation. htβ and haβ were higher in the 
adult group than in the young group, 
whereas taβ was lower in the adult group.
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showed no correlation with either systolic BP or diastolic 
BP. htβ was positively correlated with age, height, weight, 
body mass index (BMI), systolic BP, diastolic BP, 
htPWV, haPWV, haβ, CAVI, and CAVI0 and negatively 
correlated with taPWV and taβ. In contrast, taβ was 
negatively correlated with age, height, weight, BMI, 
systolic BP, diastolic BP, htPWV, htβ, and haPWV and 
was positively correlated with taPWV.

We have performed univariable and multivariable 
regression analyses regarding stiffness parameters at rest 
(htPWV, htβ, taPWV, taβ, haPWV, haβ, CAVI, and 
CAVI0) and possible confounding variables (age, height, 
weight, heart rate, mean BP), as shown in online sup
plementary Table 1 (for all online suppl. material, see 
https://doi.org/10.1159/000551759). Since there was 
multicollinearity in BMI with height and weight, and 
mean BP with systolic and diastolic BP, we adopted 
height, weight, and mean BP as confounding variables. 
In the multiple regression analysis, only variables (p < 
0.10) in the univariable regression analyses were em
ployed. In the multiple regression analysis, almost all 
arterial stiffness parameters, except for taPWV and taβ, 
were independently associated with age (online suppl. 
Table 1).

Changes in systolic BP, diastolic BP, mean BP, HR, 
and arterial stiffness parameters at rest and immediately 
after the Master’s two-step exercise test are presented in 
Table 2. Systolic BP, diastolic BP, mean BP, and HR 

increased, while htβ, taPWV, taβ, haβ, CAVI, and 
CAVI0 decreased after exercise.

Figure 2 shows comparisons of %changes in exercise- 
induced segmental β between the young and adult 
groups. After exercise, htβ, taβ, and haβ decreased in 
both groups. In the young group, exercise-induced β 
reduction was greater in taβ compared with htβ and haβ. 
Compared with the adult group, the young group 
showed significantly greater exercise-induced β reduc
tions (e.g., 4.9 times in taβ).

As with the resting state, regression analysis was 
performed for exercise-induced changes in arterial 
stiffness parameters. In multiple regression analysis, taβ, 
taPWV, and CAVI0 were independently associated with 
age (online suppl. Table 2).

Discussion

To the best of our knowledge, the present study is the 
first to present differences in segmental β responses in 
elastic and muscular arteries at rest and those induced by 
exercise between young and adult groups. The segmental 
β response of muscular arteries (taβ) at rest was three to 
five times higher than that of elastic arteries (htβ), which 
is consistent with the results of a previous report [23]. 
Elastic arteries are composed of abundant elastic fibers 
and possess a large vessel diameter, whereas muscular 

Table 2. Changes in parameters at rest and after exercise

At rest Immediately after exercise p value

Systolic blood pressure, mm Hg 120.3±11.7 136.4±13.6 <0.001

Diastolic blood pressure, mm Hg 73.2±8.7 79.8±8.8 <0.001

Mean blood pressure, mm Hg 88.9±9.0 98.7±9.9 <0.001

Heart rate, bpm 65.3±9.2 76.4±14.2 <0.001

htPWV, cm/s 526.7±67.5 530.7±76.8 0.387

htβ 4.7±0.9 4.3±1.0 <0.001

taPWV, cm/s 1044.4±129.5 986.3±142.6 0.001

taβ 18.8±5.0 15.0±4.5 <0.001

haPWV, cm/s 608.6±61.6 605.8±77.8 0.544

haβ 6.3±0.9 5.6±1.2 <0.001

CAVI 6.0±0.8 5.5±1.0 <0.001

CAVI0 8.4±1.1 7.6±1.5 <0.001

htPWV, heart-thigh pulse-wave velocity; htβ, heart-thigh β; taPWV, thigh-ankle pulse-wave velocity; taβ, 
thigh-ankle β; haPWV, heart-ankle pulse-wave velocity; haβ, heart-ankle β; CAVI, cardio-ankle vascular 
index.
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arteries are primarily composed of smooth muscle 
fibers, possess a smaller vessel diameter, and exhibit 
higher impedance than elastic arteries [24]. htβ and 
haβ were higher in the adult group than in the young 
group, and taβ was conversely lower in the adult 
group. Additionally, htβ was positively correlated with 
age, weight, BMI, and BP, all of which are well-known 
risk factors for arteriosclerosis. In particular, htβ, an 
indicator of elastic arteries, showed a strong correlation 
with age. Moreover, it was found that htPWV, htβ, 
haPWV, haβ, CAVI, and CAVI0 – which include elastic 
arteries – remained strongly associated with age even after 
adjusting for height, weight, and BP. On the other hand, taβ 
was negatively correlated with age, height, weight, BMI, 
and BP. After adjusting for height, weight, and BP, no 
association with age was observed for taPWV and taβ, 
which are indicators of muscular arteries.

Elastic arterial stiffness increases with age due to spatial 
disorganization and fragmentation of elastin, as well as 
accumulation and cross-linking of collagen [25, 26]. Re
garding muscular arteries, Davy et al. [27] reported that 
limb vasoconstrictor responsiveness to sympathetic ner
vous activation may be attenuated with age [28, 29].

After the Master’s two-step exercise test, htβ, taβ, and 
haβ decreased. In the young group, the decrease in taβ 
was greater than that in htβ or haβ. Moreover, the de
crease in taβ in the young group was greater than that in 
the adult group. With respect to decreases in htβ, taβ, 
and haβ, the increases in HR, stroke volume, and cardiac 
output induced by exercise are thought to cause vaso
dilation, particularly via shear stress on the muscular 
vessels of the lower limb; therefore, this is inferred to 
have led to a reduction in arterial stiffness. Concordant 

with the present study, Saz-Lara et al. [30] reported in a 
meta-analysis that a decrease in PWV was observed at 
both central and peripheral levels in the first hour after 
exercise [31]. On the contrary, Pewowaruk et al. [32] 
reported nitroglycerin-induced vasodilation was found 
to both increase and decrease arterial stiffness depending 
on the ratio of passive-to-active stiffness along the 
continuum of young-to-old, healthy-to-diseased, and 
elastic-to-muscular arteries studied. However, since we 
did not evaluate arterial diameter, the relationship be
tween reduced vascular stiffness and vasodilation could 
not be clearly established in this study.

In the young group, the exercise-induced β response 
of muscular arteries (%taβ) appeared larger and more 
labile than that of elastic arteries (%htβ). Ashor et al. [33] 
reported that the magnitude of the effect of aerobic 
exercise training on PWV was greater in peripheral (ba- 
PWV) rather than in central (cf-PWV) indices of arterial 
stiffness. This difference might be explained by the 
apparently greater shear stress-enhanced release of nitric 
oxide (NO) in the peripheral exercising limbs and the 
NO-producing small conduit arteries [33]. In the re
gression analysis of arterial stiffness parameters fol
lowing exercise loading, it was found that only taPWV 
and taβ – indicators of muscular arteries – were affected 
by age, even after adjusting for height, weight, and BP. 
This suggests that the response of muscular artery 
stiffness to exercise loading can be affected by aging. 
Trinity et al. [34] stated that in young healthy men, 
passive leg movement elicits a robust NO-dependent 
increase in leg blood flow and that these responses di
minish with advancing age. Hearon et al. [29] reported 
that with advancing age, the normal regulation of blood 

Fig. 2. Comparisons of %changes in 
exercise-induced segmental β (immedi
ately after exercise-at rest) between the 
young and adult groups. Date are ex
pressed as mean values. After exercise, taβ, 
htβ, and haβ decreased in both groups. In 
the young group, the exercise-induced β 
response reduction was greatest in taβ 
compared with htβ and haβ.
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flow to exercising muscles is impaired, which may lead to 
metabolic dysregulation and exercise intolerance. The age- 
associated impairments in vascular conductance are thought 
to result from (1) altered bioavailability of endothelium- 
derived substances (e.g., endothelial NO synthase) and (2) 
the impaired ability to blunt sympathetic vasoconstriction 
within active tissues (e.g., adenosine triphosphate). Changes 
in skeletal muscle feed arteries in the regulation of blood 
flow during exercise may explain the attenuated perfusion of 
skeletal muscle with advancing age and could lead to ex
ercise intolerance in the elderly [35]. By evaluating segment 
β of elastic and muscular arteries separately in this manner, 
and by applying exercise stress, this approach may yield a 
more clinically meaningful assessment.

Future Prospects
Evaluating segmental β of elastic and muscular ar

teries separately may enable a more detailed assessment 
of arterial stiffness and vascular aging. htβ, which pri
marily reflects the aorta and other elastic arteries, may 
serve as a stable marker of vascular dysfunction or ar
terial stiffness, as well as a specific marker of arterio
sclerosis. On the other hand, taβ at rest and exercise- 
induced segmental taβ response are thought to reflect an 
age-related reduction in responsiveness to endothelium- 
derived substances or sympathetic nervous activation. To 
evaluate the prognostic significance of segmental β of 
elastic and muscular arteries for future risk of ASCVD, 
further cross-sectional and longitudinal studies are needed.

Study Limitations
First, this study is a cross-sectional study including 

only healthy subjects and did not include patients with 
ASCVD, hypertension, diabetes, dyslipidemia, or a 
history of smoking. Thus, we could not analyze the 
impacts of such disease on segmental β. In addition, we did 
not evaluate the prognostic significance of segmental β for 
future occurrence of ASCVD in the study. Second, relevant 
biochemical data, such as lipid profiles and blood glucose 
levels, were not obtained. Third, BP for the calculation of 
CAVI, htβ, and taβ should ideally be measured in each 
arterial segment, but this was not possible in this clinical 
study. We used BP measured at the upper brachial artery.

Conclusion

This study demonstrated that segmental β differed 
between elastic arteries and muscular arteries. Elastic 
arteries showed a strong association with age at rest. The 
exercise-induced β response of muscular arteries was 

particularly labile, and this instability was greater in the 
young group. These findings suggest that the intrinsic 
stiffness of different arterial beds should ideally be as
sessed separately.
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