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Abstract: Arterial stiffness is associated with an increased risk of cardiovascular disease. Previous
studies have shown that there is a negative correlation between arterial stiffness and variables such
as skeletal muscle mass, muscular strength, and anaerobic power in older individuals. However,
little research has been undertaken on relationships in healthy young adults. This study presents a
preliminary research that investigates the association between arterial stiffness and muscular factors
in healthy male college students. Twenty-three healthy young males (23.9 + 0.5 years) participated in
the study. The participants visited the laboratory, and variables including body composition, blood
pressure, arterial stiffness, blood parameters, grip strength, and anaerobic power were measured.
Measurements of augmentation index (Alx) and brachial-ankle pulse wave velocity (baPWV) were
performed to determine arterial stiffness. There were significant positive correlations among skeletal
muscle mass, muscle strength, and anaerobic power in healthy young adult males. AIx was negatively
associated with a skeletal muscle mass (r = —0.785, p < 0.01), muscular strength (r = —0.500, p < 0.05),
and anaerobic power (r = —0.469, p < 0.05), respectively. Likewise, AIX@75 corrected with a heart rate
of 75 was negatively associated with skeletal muscle mass (r = —0.738, p < 0.01), muscular strength
(r=—0.461, p < 0.05), and anaerobic power (r = —0.420, p < 0.05) respectively. However, the baPWV
showed no correlation with all muscular factors. Our findings suggest that maintaining high levels
of skeletal muscle mass, muscular strength, and anaerobic power from relatively young age may
lower Alx.

Keywords: skeletal muscle mass; muscular strength; anaerobic power; arterial stiffness

1. Introduction

Arterial stiffness, one of the factors indicating the function of blood vessels, is a
main independent risk factor that can predict cardiovascular diseases [1]. Especially, this
indicator is a leading cause of myocardial infarction in male adults [2]. Stiffening of
the arterial wall causes an increase in the blood pressure by reducing the storage and
buffering function of the arteries as well as by increasing the rate of pulse transmission
regardless of the causes [3]. Usually, arterial stiffness worsens with aging [4]. Aging leads to
thickening of the lining of blood vessels by increasing the amount of collagen in the smooth
muscle layer and destroying the elastin structure [5]. These alterations result in increased
arterial stiffness, leading to cardiometabolic diseases such as hypertension, diabetes, and
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dyslipidemia [6]. Body mass index (BMI), systolic blood pressure (SBP), low-density
lipoprotein cholesterol (LDL-C), and vascular dysfunction are independent risk factors for
cardiovascular disease [7-9]. According to a previous study, regarding the relationships
among these factors, young adults with a greater number of risk factors for cardiovascular
diseases showed significantly lower dilatory capacity of the brachial artery [7]. This finding
suggests that vascular function is related to the risk factors for cardiovascular disease
even in the younger generation, and managing the blood vessel function from a relatively
younger age may be effective in preventing future cardiovascular diseases.

Pulse wave velocity (PWV) and augmentation index (Alx) are widely used as valid
methods for non-invasive measurement of arterial stiffness to evaluate the function of
blood vessels in human [10-13]. Alx is estimated as the ratio of waveform reflection am-
plitude to central pulse pressure and has a high correlation with carotid-femoral pulse
wave velocity (cf-PWYV), a golden standard that can directly measure central arterial stiff-
ness [14]. The measurement of PWYV is accepted as the most reliable technology through
a recent consensus statement and is the most widely used technique to assess arterial
stiffness [15,16].

Recent studies have reported that physical fitness-related factors such as cardiorespi-
ratory endurance and muscular strength are correlated with arterial stiffness [17,18]. Im-
proving cardiorespiratory endurance with regular aerobic exercise lowers arterial stiffness
and reduces the risk factors for cardiovascular diseases, consequently reducing mortality
due to cardiovascular disease [19]. In addition, increasing skeletal muscle mass and mus-
cular strength with resistance exercise has been known to prevent sarcopenia caused by
aging process, and the American Heart Association recommends resistance exercise for
prevention and treatment of cardiovascular diseases [17,20]. A study by Fahs et al. on 79
young male adults reported that upper body muscular strength was negatively correlated
with aortic stiffness independent of cardiorespiratory capacity [21]. In addition, Ochi et al.
study showed that the greater cross-sectional area of the thigh muscles in middle-aged
male adults was associated with lower baPWYV, suggesting that higher muscle strength and
skeletal muscles may be correlated with arterial compliance [22]. It has been reported that
an elevation in anaerobic power with anaerobic exercise has a positive effect on cardiovas-
cular health as well as on the aerobic ability [23]. Moreover, improvement in anaerobic
capacity with high-intensity interval training has a positive effect on releasing vasodilatory
substances such as nitric oxide, suggesting improvement in anaerobic power has a positive
effect on vascular function [24,25].

Taken together, anaerobic capacity such as skeletal muscle mass, muscle strength, and
anaerobic power may be related to arterial stiffness. However, studies confirming this
correlation among young adults are insufficient; especially, it is unclear whether there is a
direct relationship between anaerobic power and arterial stiffness. Therefore, the present
study aimed to investigate the correlation of skeletal muscle mass, muscular strength,
and anaerobic power with arterial stiffness in physically-active healthy college young
male adults.

2. Materials and Methods
2.1. Participants

Twenty-three healthy young male college students participated in the study. The
exclusion criteria were specified as follows: (1) smokers; (2) high blood pressure >
140/90 mmHg; and (3) reported history of any cardiovascular, chronic, and orthope-
dic disease. The participants visited the laboratory between 9:00 AM and 10:00 AM. All
experimental measurements were conducted with the approval of the Institutional Review
Board of Incheon National University (permission# 7007971-201904-006-01). The purpose
and the procedure of the study were explained, and informed consent was obtained from
all participants involved in the study prior to the experiment. The number of participations
in the weekly exercise was recorded through a separate questionnaire to determine whether
they participated in the exercise regularly. The weekly exercise questionnaire contained
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self-report of habitual physical activity combined into leisure-time and sports-time. Basic
clinical characteristics of the participants were presented in Table 1.

Table 1. Basic clinical characteristics of participants.

Variables (Unit) Mean + SEM
Age (year) 239+05
Height (cm) 176.3 +£1.3
Weight (kg) 777 £2.0
Body fat (%) 16.6 £1.0
Muscle Mass (kg) 371+45
Muscle Mass (kg/mz) 1194+0.2
Hand Grip Strength (kg) 50.30+ 0.8
Hand Grip Strength (kg/ m?) 162+ 04
Peak Anaerobic Power (W) 918.4 £ 25.1
Average Anaerobic Power (W) 634.2 +20.2
Minimum Anaerobic Power (W) 395.0 +£21.7
HR;est (beats min~1) 60.3 +2.5
Alx (%) 40+14
AIx@75 (%) —31+30
baPWV (cm/s) 1173.5 £ 304
Weekly engaged exercise times (times/week) 44402

Values express means + SEM. Alx, augmentation index; AIx@75, augmentation index corrected for heart rate 75;
baPWYV, brachial-ankle pulse wave velocity; HRyest, heart rate at rest.

2.2. Study Procedure

All variables were measured in the following order: body composition, blood pressure
in both arms at rest, arterial stiffness including Alx and baPWYV, levels of lipid and glucose
profiles in circulation, muscular strength, and anaerobic power. Participants fasted for at
least 8 h before the measurement and were instructed to abstain from vigorous exercises or
alcohol drinking for 24 h before visiting the laboratory. The order of measurements was
arranged in such a way that the previous measure did not adversely affect the next one.
Measurements for all participants were conducted at similar times and same place in a
similar environment with controlled temperature 23-25 °C and humidity 40-60%.

2.2.1. Measurements of Anthropometric Parameters and Cardiometabolic Risk Factors

Height was measured using an extensometer (Sanwa, South Korea), and body compo-
sition was measured using an Inbody 720 (Biospace, Seoul, South Korea) machine utilizing
the bioelectric impedance analysis (BIA) method. Body weight (kg), BMI (kg/m?), fat mass
(kg), body fat (%), and fat-free mass (kg) were measured and obtained from BIA method.
Skeletal muscle mass corrected by height (kg/m?) was used in this study [26,27]. Blood
pressure was evaluated using Accuniq BP850 (Jawon, Seoul, South Korea). Participants
measured blood pressure twice in a stable state, and the average of values was used in
the analysis. For blood analysis, participants were seated in a chair and wiped their index
fingers with alcohol cotton to draw whole blood. After placing the capillaries horizontally,
35 uL of whole blood was collected from index finger of each participant. Total choles-
terol (Total-C), LDL-C, high-density lipoprotein cholesterol (HDL-C), triglycerides (TG),
and fasting glucose (FG) were measured through Cholestech LDX system (Alere, Oslo,
Norway), and hemoglobin Alc (HbAlc) was measured using Afinion AS100 Analyzer
(Alere, Oslo, Norway). Anthropometric parameters and cardiometabolic risk factors of all
participants were presented in Table 2.
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Table 2. Anthropometric parameters and cardiometabolic risk factor of participants.

Variables (Unit) Mean + SEM
BMI (kg/m?) 25.14 0.6
SBP (mmHg) 1194 +2.1
DBP (mmHg) 669 £+ 2.1

Total-C (mg/dL) 1746 + 75

HDL-C (mg/dL) 544 +22

LDL-C (mg/dL) 98.9 + 6.7
TG (mg/dL) 108.2 + 10.9
FG (mg/dL) 914 426

HbAlc (%) 53 +0.0

Values express means + SEM. BMI, body mass index; DBP, diastolic blood pressure; FG, fasting glucose; HbAlc,
hemoglobin Alc; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SBP,
systolic blood pressure; Total-C, total cholesterol; TG, triglycerides.

2.2.2. Brachial-Ankle Pulse Wave Velocity (baPWV)

Peripheral arterial stiffness was measured with a non-invasive method using the
Omron vp-1000 plus (Omron, Tokyo, Japan). Participants waited comfortably on the
experimental bed for 10 min, placed cuffs at the same position of both upper arms and
ankles, and prepared measurements by attaching electrodes to the left sternum. When the
participant’s resting heart rate was reached to stable condition, peripheral arterial stiffness
was measured twice through an automatic waveform analyzer, and the value was obtained
by calculating the movement distance and pulse wave propagation time between the limb
arteries based on the height.

2.2.3. Augmentation Index (Alx)

Alx was assessed using SphygmoCor Xcel system (AtCor Medical, Sydney, Australia)
to measure aortic stiffness in a non-invasive way. The participants lay in bed and rested for
approximately 10 min with the cuff placed on the right upper arm. Before AIx measurement,
participants” systolic and diastolic blood pressure were measured, and then Alx was
measured using SphygmoCor Xcel software. The sphygmoCor device represents a pulse
wave value calculated in consideration of age, heart rate, and height through a gender-
specific equation [28]. AIx was obtained by dividing the augmented aortic pressure by the
aortic pulse pressure. The augmented aortic pressure is made when the forward pulse wave
generated from the left ventricle during the systolic period overlaps with the reflected pulse
wave returned from the peripheral arterial trees. Since previous studies suggested that
Alx and heart rate have a linear relationship, the value corrected to a heart rate of 75 bpm
was used in the study [29,30]. AIx@75 was calculated through the following mathematical
formula. AIx@75 = {—0.48 x (75-HR)} + Alx [31].

2.2.4. Muscular Strength

Muscular strength was measured using hydraulic hand dynamometer (Saehan, Seoul,
South Korea). Hand grip strength was measured in a vertical position with 15° flexion at
the elbow. After measuring each arm twice with an interval of 1 min, a higher value was
selected and used as a parameter of muscular strength in the study.

2.2.5. Anaerobic Power

Wingate test (Monark 894E model, Vansbro, Sweden) was adopted to assess the
anaerobic power. The participants adjusted the position of the saddle to bend 15° after
the knee was completely extended from the bicycle ergometer saddle, and the participant
lightly practiced pedaling at 50 rpm for 5 min. After a sufficient warm-up practice to relax
their hip coxa and femoral muscle before the Wingate test, participants started pedaling
maximum speed according to their willingness. The weight load was set to 0.075 kg per
body weight. During the measurement, participants were encouraged orally to perform
pedaling at maximum speed and power for 30 s. In this study, the absolute and relative peak
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anaerobic power, mean anaerobic power, and minimum anaerobic power were calculated
and used.

2.3. Statistics

Statistical analysis of all variables was performed using the SPSS version 23.0 software
(SPSS Inc., Chicago, IL, USA). All measurements were presented as mean and standard
error (mean = SEM). Pearson correlation analysis was performed after the normality test
of all variables. All statistical significance levels were set to p < 0.05.

3. Results
3.1. Correlation between Skeletal Muscle Mass, Muscular Strength, and Anaerobic Power

Pearson’s correlation analysis was performed among skeletal muscle mass, muscular
strength, and anaerobic power (peak power, average power, and minimum power). As
expected, skeletal muscle mass adjusted by the height was positively correlated with
muscular strength, peak power, average power, and minimum power (Table 3). In addition,
muscular strength adjusted by the height was positively correlated with peak power,
average power, and minimum power (Table 3).

Table 3. Results of Pearson’s correlation analysis between skeletal muscle mass, muscular strength,
and anaerobic power.

. r-Value
Variables
Skeletal Muscular Peak Average Minimum
Muscle Mass Strength Power Power Power
Skeletal muscle mass 0.849 0.625 0.563 0.468
<0.001 0.001 0.005 0.024
Muscular strength 0.543 0.608 0.598
0.007 0.002 0.003
Peak power 0.825 0.590
<0.001 0.003
Average power 0.828
<0.001

Minimum power

Correlation coefficient is in the upper line and p value in the lower one. The correlation analysis between all
measurements.

3.2. Correlation between Cardiometabolic Risk Factors and Arterial Stiffness (baPWV, Alx, AIx@75)

Pearson’s correlation analysis between risk factors for cardiometabolic diseases and
arterial stiffness revealed that both Alx and AIx@75 showed a negative correlation with
BMI and FG and no significant correlation with SBP, diastolic blood pressure (DBP), total-C,
HDL-C, LDL-C, TG, and HbAlc (Table 4). In addition, a positive correlation was observed
between baPWV and DBP. However, baPWV showed no correlation with other variables,
including BMI, SBP, Total-C, HDL-C, LDL-C, FG, TG, and HbAlc (Table 4).

3.3. Correlation between Muscular Variables and Arterial Stiffness (baPWV, Alx)

Correlation between muscular variables and arterial stiffness was depicted in Figure 1.
Pearson’s correlation analysis revealed significant negative correlation between skeletal
muscle, muscle strength, anaerobic, and Alx, respectively (Figure 1A-C). Likewise, AIx@75
(Figure 1D-F) revealed significant negative correlation with muscular variables. However,
skeletal muscle mass, muscle strength, and anaerobic power showed no correlation with
baPWYV, respectively (Figure 1G-I).
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Table 4. Association between arterial stiffness (baPWYV, Alx, and AIx@75) and cardiometabolic

risk factors.

r-Value
Variables
BMI SBP DBP Total-C  HDL-C LDL-C FG TG HbA1c
baPWV 0.247 0.382 0.476 —0.326 0.135 —0.309 0.235 —0.147 —0.015
0.256 0.072 0.022 0.129 0.539 0.151 0.281 0.503 0.946
Alx —-0.636 —0.178 —0.084 —0.081 —0.151 —0.014 —0.513 —0.036 —0.068
0.001 0.416 0.702 0.713 0.491 0.950 0.012 0.870 0.757
Alx@75 —0.557 —0.168 —0.021 —0.073 —0.119 —0.014 —0483 —0.001 —0.022
0.006 0.444 0.924 0.741 0.589 0.951 0.020 0.995 0.920

Correlation coefficient is in the upper line and p value in the lower one. Alx, augmentation index; AIx@75, Alx
corrected for heart rate 75; BIA, bioelectrical impedance analysis; baPWV, brachial-ankle pulse wave velocity;
DBP, diastolic pressure; FG, fasting glucose; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; TG, triglycerides; Total-C, total cholesterol; SBP, systolic blood pressure.
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Figure 1. Associations between arterial stiffness (Alx, AIx@75, baPWV) and muscular variables (skeletal muscle mass,
muscular strength, anaerobic power). Pearson’s correlations between Alx and skeletal muscle index (A), hand grip strength
(B), and peak anaerobic power (C). Pearson’s correlations between AIx@75 and skeletal muscle index (D), hand grip strength
(E), and peak anaerobic power (F). Pearson’s correlations between baPWV and skeletal muscle index (G), hand grip strength
(H), and peak anaerobic power (I). * p < 0.05, ** p < 0.01.
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4. Discussion

The present study aimed to examine whether muscular variables, including skeletal
muscle mass, muscular strength, and anaerobic power, are related to arterial stiffness,
an independent risk factor for cardiovascular disease. The major findings of the present
study were that higher skeletal muscle mass, muscular strength, and anaerobic power
were associated with decreased Alx, while baPWV was not associated with these muscular
variables in physically-active young male adults.

This finding is consistent with the previous study, which reported a negative corre-
lation between muscle mass and Alx in both males and females over 65 years of age [32].
In addition, according to study by Fahs et al., it represented a negative correlation be-
tween muscle strength and cf-PWYV in 79 young male adults [21]; nevertheless, whether a
correlation exists between Alx as a determinant of cf-PWV and muscle strength remains
unknown. However, this study presented negative correlations between muscle strength
and Alx, including corrected age, height, and heart rate 75 bpm. Interestingly, anaerobic
power showed a negative correlation with Alx in the present study. Anaerobic power,
which is an ability to express explosive energy, is an essential element for independent
daily life [23]. It is well known that anaerobic power increases with elevated muscle mass
and muscular strength and is improved with anaerobic training via short-term whole-body
exercise [33]. Furthermore, it was reported that anaerobic power was reduced with aging
and that the anaerobic energy system declined across the aging process without alteration
in aerobic capacity in trained masters athletes [34]. For the most part, previous studies have
examined anaerobic power in relation to sports-related performance in athletes [35,36],
however, few studies have confirmed its correlation with cardiovascular risk factors [23,37].
According to previous studies, anaerobic exercise performed along with aerobic exercise
has a positive effect on enhancing cardiovascular health by improving lipid components
and BMI, and it improves vascular function by promoting vasodilators such as nitric oxide
through high-intensity interval training [23,24,38]. Based on the results of this study and
on those of previous studies, maintaining and increasing anaerobic power to a higher level
may have a positive effect on Alx.

In the present study, skeletal muscle mass, muscular strength, and anaerobic power
were not correlated with baPWV. Sugawara et al. have shown that baPWV was positively
correlated with aortic PWV as well as with leg PWV [15]. Particularly, they suggested
that baPWV was associated with central arterial stiffness, suggesting that baPWV may
reflect central arterial stiffness as well as peripheral arterial stiffness [15,39]. However,
Cortez-Cooper et al. indicated that baPWV was correlated with both central and peripheral
arterial stiffness, but its correlation with peripheral arterial stiffness was stronger [40].
In addition, Laurent et al. suggested that it is clinically meaningful to evaluate central
arterial stiffness rather than peripheral arterial stiffness while assessing cardiovascular
diseases [16]. Taken together, central arterial stiffness may be an accurate indicator for the
assessment of cardiovascular risk factors in a relatively younger age group [41]. Arterial
stiffness shows a high incidence in patients with hypertension, and blood pressure is an
index for predicting arterial stiffness even in young adolescents. Moreover, peripheral
SBP was higher than central SBP even in adolescents, suggesting that peripheral arterial
stiffness is greatly affected by blood pressure even in a relatively younger age group [42].
In case of young male adults in this study, the systolic (119.4 mmHg + 2.1) and diastolic
(66.9 mmHg =+ 2.0) blood pressure measurements were within the normal range. Hence,
baPWV may not show significant correlation in younger individuals unlike other age
groups. In addition, an increase in skeletal muscle mass and muscular strength with
resistance exercise may not affect peripheral arterial stiffness in young adults. For example,
a study reported that lean body mass and muscular strength significantly increased after
11 weeks of high-intensity resistance exercise, but femoral-ankle PWV reflecting peripheral
arterial stiffness did not ameliorate after the exercise [43]. The current study measured grip
strength, an index reflecting muscular strength, and analyzed its correlation with baPWV.
BaPWYV accurately reflects arterial stiffness in the lower body when compared with that in
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the upper body because it reflects peripheral arterial stiffness [44]. However, grip strength
is better correlated with muscle mass and muscular strength of the upper extremities and
is rather limited in assessing the ability of the lower extremities [45]. This fact may explain
the lack of correlation between grip strength and baPWYV in this study.

Several limits of this study should be mentioned to benefit future research. First, in
the present study, we conducted in a small number of healthy young male adults as a
preliminary research. Therefore, the results of our study cannot be generalized to female
subjects and individuals of different age ranges. Second, causality between anaerobic
power and arterial stiffness was not confirmed in the present study; therefore, future
studies investigating the physiological relationship between these factors are warranted.

Although the present study did not suggest the exact mechanism of how skeletal
muscle mass, muscular strength, and anaerobic power mutually affect the arterial stiffness,
it showed that higher skeletal muscle mass and muscular strength might have a positive
effect on Alx. These findings support the fact that maintaining or improving skeletal
muscle mass, muscular strength, and anaerobic power to a higher level can produce a
positive effect on Alx even in the young male adults.

5. Conclusions

In conclusion, higher skeletal muscle mass, muscular strength, and anaerobic power
are associated with decreased Alx in young male adults. However, baPWYV is not associated
with these muscular parameters. These findings suggest that maintaining or improving
skeletal muscle mass, muscular strength, and anaerobic power to a higher level from a
young age may have a positive effect on Alx.
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