International Journal of
Environmental Research

and Public Health

Article

Differences between Elite Male and Female Badminton
Athletes Regarding Heart Rate Variability, Arterial Stiffness,
and Aerobic Capacity

Ching-Chieh Tai ¥, Yi-Liang Chen "*, Ludek Kalfirt 20?, Kunanya Masodsai 3{7, Chia-Ting Su *

and Ai-Lun Yang 2*

check for
updates

Citation: Tai, C.-C.; Chen, Y.-L.;
Kalfirt, L.; Masodsai, K.; Su, C.-T.;
Yang, A.-L. Differences between Elite
Male and Female Badminton
Athletes Regarding Heart Rate
Variability, Arterial Stiffness, and
Aerobic Capacity. Int. |. Environ. Res.
Public Health 2022, 19, 3206. https://
doi.org/10.3390/ijerph19063206

Academic Editor: Antonio Sousa

Received: 24 January 2022
Accepted: 7 March 2022
Published: 9 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Graduate Institute of Sports Training, University of Taipei, Taipei 11153, Taiwan;
sguy062020@hotmail.com.tw (C.-C.T.); yiliang@utaipei.edu.tw (Y.-L.C.)

Institute of Sports Sciences, University of Taipei, Taipei 11153, Taiwan; kalfirtl77@gmail.com

Faculty of Sports Science, Chulalongkorn University, Bangkok 10330, Thailand; kunanya.m@chula.ac.th
Department of Occupational Therapy, College of Medicine, Fu Jen Catholic University,

New Taipei City 24205, Taiwan; chiatingsu@gmail.com

*  Correspondence: yangailun@gmail.com; Tel.: +886-228-718-288 (ext. 5815)

t  These authors contributed equally to this work.

Abstract: Cardiovascular health and aerobic capacity play crucial roles in determining the per-
formance of athletes in the highly competitive sport of badminton. Few studies have directly
compared heart rate variability (HRV), arterial stiffness, and aerobic capacity between male and
female athletes, especially among badminton athletes. This study investigated sex differences in
HRYV, arterial stiffness, and aerobic capacity in badminton athletes. Elite badminton athletes were
recruited and divided into male (1 = 20, 21.0 & 1.8 years old) and female (n = 16, 21.2 & 2.3 years
old) groups. Both groups performed an incremental treadmill running test for the evaluation of
maximal oxygen consumption (VOzmax), anaerobic threshold, and time to exhaustion. They started
exercising at a treadmill speed of 2.7 km/h and an inclination of 10% gradient for 3 min, and the
speed and inclination were gradually increased every 3 min until they were exhausted or fatigued
volitionally. HRV was examined using the Polar heart rate monitor over a period of 5 min at rest
in the supine position. Subsequently, the index of arterial stiffness was examined under the same
condition. Our results revealed significant differences between the male and female athletes in
VOzmax (men: 60.38 £ 8.98 mL/kg/min, women: 48.13 £ 7.72 mL/kg/min, p < 0.05), anaerobic
threshold (men: 41.50 + 7.26 mL/kg/min, women: 32.51 £+ 6.19 mL/kg/min, p < 0.05), time to
exhaustion (men: 902.15 + 120.15 s, women: 780.56 + 67.63 s, p < 0.05), systolic blood pressure (men:
125.27 + 7.76 mmHg, women: 107.16 + 11.09 mmHg, p < 0.05), and arterial stiffness index (men:
63.56 £ 12.55, women: 53.83 % 8.03, p < 0.05). However, no significant differences in HRV measures
were observed between the two groups. These findings suggested that the male badminton athletes
demonstrated significantly higher aerobic capacity than did the female athletes, but there were no
significant differences in HRV measures. The female athletes exhibited superior arterial function,
compared with their male counterparts.

Keywords: heart rate; blood pressure; arterial stiffness index; maximal oxygen consumption; anaerobic
threshold; treadmill test; badminton; elite players

1. Introduction

Badminton, a highly competitive sport, demands high aerobic and anaerobic capac-
ity [1]. A badminton match is characterized by bouts of high-intensity intermittent exercise
separated by brief periods of rest [2]. Hence, aerobic capacity is key to competitive perfor-
mance. For elite male and female badminton athletes, their maximal oxygen consumption
(VO;max) should be >60 and >52 mL/kg/min, respectively [3]. In addition, male and
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female athletes with similar levels of competitive performance may present differences in

VO,max and body composition (e.g., body fat) [4]. However, few studies have examined
differences in aerobic capacity between elite male and female badminton athletes. Under-
standing these sex differences might be beneficial to design effective training programs for
improving sports performance in elite players.

Heart rate variability (HRV) is commonly used in clinical practice to estimate the
physiologic status of cardiac autonomic activity. HRV is a widely used marker that reflects
the interplay between the sympathetic and parasympathetic branches of the autonomic
nervous system (ANS) and the modulation of normal cardiac rhythm [5,6]. Numerous
studies supported the use of HRV for monitoring the adaptation and maladaptation during
and after training to determine optimal training loads leading to improvements in sports
performance [5-8]. Better HRV profiles have been associated with greater improvements in
aerobic capacity and endurance performance. These profiles can be indicated by the higher
values of the normal-to-normal (NN) intervals, standard deviation of the NN intervals
(SDNN), and high-frequency (HF) power [9-11]. Moreover, several studies focusing on sex
differences in HRV have reported that, compared with men, women exhibited increased
parasympathetic and decreased sympathetic control of the heart rate [12,13]. Although men
and women differ in some respects, long-term endurance training improved some HRV
parameters in both genders [14,15]. However, few studies have focused on how male and
female badminton athletes differ in HRV. A recent study indicated that the HRV-guided
training was superior for enhancing vagal-related HRV indices, which could be related to
greater endurance performance. When resting HRV was within or above baseline ranges,
high-intensity exercise training was prescribed; otherwise, low-intensity exercise training
was prescribed when HRV values were suppressed [16]. Gaining more understanding of
HRYV profiles in male and female athletes could provide appropriate training prescription
and effective assessment of cardiovascular adaptation.

Arterial stiffness, which indicates early vascular changes, is a crucial predictor of
cardiovascular risk and mortality [17]. Moreover, arterial stiffness is associated with several
aspects of exercise performance, such as aerobic capacity. It may negatively affect aerobic
capacity, partly by increasing pulse pressure, which alters myocardial work capacity and
coronary perfusion [18]. In previous studies, healthy young men who underwent short-
term endurance training (from 6 days to 8 weeks) exhibited lowered (i.e., better) arterial
stiffness [19,20]. Studies, despite being few in number, have indicated the long-term
benefits of endurance training (>6 months) for arterial stiffness in young individuals [21].
For athletes, overload training would result in increased resting arterial stiffness and
reduced stroke volume during exercise, which negatively affects exercise performance [22].
To date, few studies have evaluated sex differences in arterial stiffness among athletes.
Learning more about sex differences in arterial stiffness for athletes would be beneficial to
avoid risk factors caused by overload training programs.

Exploring sex differences in cardiovascular health and aerobic capacity should be
of concern for the design of effective training programs for men and women in either
health promotion or sports performance. Currently, few studies have focused on direct
comparisons of HRYV, arterial stiffness, and aerobic capacity between male and female
athletes, especially among badminton athletes. Thus, this study investigated gender
differences in HRYV, arterial stiffness, and aerobic capacity in elite badminton athletes.
It was hypothesized that these parameters would differ between elite male and female
badminton athletes.

2. Materials and Methods
2.1. Participants

The observational case—control design was used in this study. Elite badminton ath-
letes in Taiwan aged between 20 and 28 years were recruited to this study (20 men and
16 women). The advertisements of this study were posted on the universities where training
programs were provided for badminton players, and all of the participants were voluntarily
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recruited. Other inclusion criteria were a history of regular participation in international
and national competitions and training experience ranging from 7 to 15 years, and no
personal history of smoking, cardiovascular disease, diabetes mellitus, and pulmonary
disease. The research design and methods were approved by the Institutional Review
Board of the University of Taipei, Taiwan (IRB-2019-060, 12 December 2019). Written in-
formed consent was obtained from all participants before the experimental procedures. The
data of participants were collected during their off time from training. Figure 1 illustrates
the order of the measurements in the present study. Basic anthropometric parameters,
including body weight, height, and body mass index (BMI), were recorded. Body weight
was measured by physician digital scale (Tanita Corp., Tokyo, Japan), and height was
measured using a portable stadiometer (Seca scales, Hamburg, Germany). BMI (kg/ m?)
was calculated by dividing the weight in kilograms by the height in meters squared. Ad-
ditionally, body composition was determined using dual-energy X-ray absorptiometry
(DXA, GE Healthcare Inc., Madison, WI, USA). Bone mineral density (BMD), muscle mass,
and fat mass of the total body were obtained from the analyzing software provided by
DXA. Moreover, the Z-score represents the bone density, compared with the average bone
density of the age-matched adults. It is commonly used for young adults and is helpful in
diagnosing osteoporosis.

Body composition

Muscle and fat mass

Heart rate variability

Short-term HRV data recorded for 5 min

L

Arterial stiffness index

Two readings measured separately for 3 min

\d

Aerobic capacity

The intensity level from 1 to 7 was gradually
increased every 3 min until volitional exhaustion

Figure 1. The order of the measurements in the present study.

2.2. Measurements of HRV and Arterial Stiffness

Short-term HRV data were recorded for 5 min at rest by using the Polar heart rate
monitor (POLAR, RS800CX, Kempele, Finland) and further analyzed using an HRV anal-
ysis software program (Nevrokard, Izola, Slovenia). The time- and frequency-domain
measures were analyzed by the HRV analysis software [23]. For the time-domain measures,
the mean heart rate (HR, ms), mean normal-to-normal (NN) intervals (ms), and standard
deviation of the NN intervals (SDNN, ms) was analyzed. For the frequency-domain mea-
sures, low-frequency (LF) power (0.04-0.15 Hz), high-frequency (HF) power (0.15-0.4 Hz),
and the ratio of LF-to-HF power (LF/HF) were evaluated. During data collection, the
participants were asked to lie in the supine position in a quiet, private, semi-darkened,
and air-conditioned room (22-24 °C). They were instructed to avoid caffeine and alcohol
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for 24 h before and not undergo exercise training and intense activities for 48 h before
HRYV recording. Additionally, they consumed a light meal approximately 2 h before the
assessment of HRV. The assessment was conducted for all participants before noon.

After HRV recording, data regarding arterial stiffness were collected using a Cardio-
Vision device (MS-2000, Osachi, Nagano, Japan) under the same condition [24]. Systolic
blood pressure (SBP), diastolic blood pressure (DBP), pulse pressure (PP), and the arterial
stiffness index (ASI) were obtained from the right brachial artery in the resting condition.
The ASI was automatically calculated by measuring the blood pressure in the extremities
with an oscillometric method. The average of two readings measured separately for 3 min
was calculated for each participant.

2.3. Measurement of Aerobic Capacity

Aerobic capacity was evaluated using the Bruce incremental load protocol. An in-
cremental exercise test was performed with the treadmill running. The testing system
(VIASYS Vmax Series, SensorMedics Corporation, Yorba Linda, CA, USA) comprised a
treadmill, a gas analyzer, and an electrocardiographic monitor. The intensity level from
1 to 7 (speed and inclination) was gradually increased every 3 min as follows until the
participants were exhausted or fatigued volitionally [25]:

Level 1. Speed: 2.7 km/h, inclination: 10%, lasting 3 min;
Level 2. Speed: 4.0 km/h, inclination: 12%, lasting 3 min;
Level 3. Speed: 5.5 km/h, inclination: 14%, lasting 3 min;
Level 4. Speed: 6.8 km/h, inclination: 16%, lasting 3 min;
Level 5. Speed: 8.0 km/h, inclination: 18%, lasting 3 min;
Level 6. Speed: 8.9 km/h, inclination: 20%, lasting 3 min;
Level 7. Speed: 9.7 km/h, inclination: 22%, lasting 3 min.

During the exercise test, oxygen consumption (VO,), carbon dioxide production,
minute ventilation, and the respiratory exchange ratio (RER) were measured breath-by-
breath using the testing system. The time to exhaustion was also recorded for each partici-

pant. The decisive criterion for assessing VO,max was made when one of the following
conditions was achieved: a plateau (<150 mL/min increase) in VO,, RER over 1.10, or

heart rate over 90% of the age-predicted heart rate maximum (220-age) [26]. The VOZ at
the anaerobic threshold (AT) was determined by the V-slope method during the exercise
test. Furthermore, resting blood pressure and blood pressure during the exercise test were
continuously recorded using the automated blood pressure monitor (Tango™, SunTech
Medical Inc., Morrisville, NC, USA).

2.4. Statistical Analysis

Data are presented as the mean + standard deviation. The normality of our data
was assessed by the Shapiro-Wilk Test. Accordingly, general characteristics, aerobic ca-
pacity, HRV, and arterial stiffness parameters were normally distributed; therefore, the
independent t-test was used to determine significant differences between male and female
participants. Age, muscle mass, training experience, TTE, SDNN, LF/HF, and ASI were not
normally distributed, in which case the Mann-Whitney U test was used to compare differ-
ences between groups. The effect size by using Hedge’s g between groups was calculated,
with small, medium, and large effects being defined as 0.2, 0.5, and 0.8, respectively [27].
Pearson’s correlation analyses were performed to examine the correlation between vari-
ables of interest. Statistical significance was set at p < 0.05, and the statistical analyses were
conducted using the SPSS software (Version 25.0, IBM Corporation, Armonk, NY, USA).

3. Results
3.1. General Characteristics

A total of 36 elite badminton athletes were included in this study. Height and weight
significantly differed between the male and female participants. However, no significant
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differences in age, BMI, years of training, bone mineral density, and Z-score were noted
between the two groups. Furthermore, the female participants exhibited significantly
higher fat mass and fat percentage than did the male participants. By contrast, the male
participants had significantly higher muscle mass than did the female participants (Table 1).
The effect size is indicated in Table 1, according to which large effect sizes for height, weight,
fat mass, fat percentage, and muscle mass were observed between sexes.

Table 1. General characteristics.

Variables Male (n = 20) Female (1 = 16) ES p Value
Age (years) 21.0+1.8 212423 0.10 0.809
Height (cm) 174.25 + 6.24 165.21 £3.95* 1.69 <0.001
Weight (kg) 69.75 £ 7.44 62.56 £ 6.71* 1.01 0.005

BMI (kg/m?) 2292 +£1.77 2291+ 217 0.01 0.982

Fat mass (kg) 10.75 £ 3.59 15.62 £4.20 * 1.26 0.001

Fat (%) 15.14 £ 4.14 24.59 +4.30*% 2.24 <0.001

Muscle mass (kg) 56.06 & 5.74 44.29 4 3.47 % 2.42 <0.001
BMD (g/cm?) 1.34 £0.09 129 £0.11 0.50 0.161
Z-score 2.08 4 0.82 2.29 +0.99 0.23 0.484

Training experience (years) 10.85 £ 2.08 12.38 - 2.78 0.63 0.073

Values are presented as the mean =+ standard deviation. Abbreviations: BMI, body mass index; BMD, bone
mineral density; ES, effect size. * p < 0.05, significant differences between male and female participants.

3.2. Aerobic Capacity

Table 2 lists the aerobic capacity obtained from the incremental exercise test with the
treadmill running. The male participants exhibited significantly higher VO,max, anaerobic
threshold (AT), time to exhaustion (TTE), and maximal SBP (SBPmax) than did the female
participants. However, no significant differences in the maximal heart rate (HRmax),
maximal DBP (DBPmax), and RER were noted between the groups. The effect size is
indicated in Table 2, according to which large effect sizes for VOZmax, AT, TTE, and
SBPmax were observed between sexes.

Table 2. Sex differences in aerobic capacity.

Variables Male (n = 20) Female (n = 16) ES p Value
HRmax (bpm) 187.35 + 11.38 181.25 4+ 13.85 0.49 0.156
SBPmax (mmHg) 210.55 + 24.85 173.06 +17.88 * 1.70 <0.001
DBPmax (mmHg) 66.20 + 16.10 63.25 £ 10.54 0.21 0.532
VO,;max (ml/kg/min) 60.38 £ 8.98 4813 £7.72* 1.45 <0.001
AT (ml/kg/min) 41.50 +7.26 3251+ 6.19*% 1.32 <0.001
RER 1.13 £ 0.07 1.14 +0.11 0.11 0.891

TTE (sec) 902.15 + 120.15 780.56 £ 67.63 * 121 <0.001

Values are presented as the mean + standard deviation. Abbreviations: HRmax, maximal heart rate; SBPmax,

maximal systolic blood pressure; DBPmax, maximal diastolic blood pressure; VO,max, maximal oxygen con-
sumption; AT, oxygen consumption at the anaerobic threshold; RER, respiratory exchange ratio; TTE, time to
exhaustion; ES, effect size. * p < 0.05, significant differences between male and female participants.

3.3. HRV and Arterial Stiffness

Table 3 lists the values of HRV and arterial stiffness at rest. No significant differences
in HRV measures—namely, the mean HR, mean NN, SDNN, low-frequency power in
normalized units (LFnu), high-frequency power in normalized units (HFnu), and the ratio
of LF-to-HF power (LF/HF) were observed between the male and female participants.
However, the male participants exhibited significantly higher SBP, PP, and ASI under the
resting condition than did the female participants. No significant difference in DBP was
observed between the groups. The effect size is demonstrated in Table 3. We found small
effect sizes for HRV measures and large effect sizes for SBP, PP, and ASI between sexes.
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Table 3. Sex differences in HRV and arterial stiffness at rest.

Variables Male (n = 20) Female (1 = 16) ES p Value
HRV
Mean HR (bpm) 58.62 + 10.49 56.04 + 7.85 0.27 0.419
Mean NN (ms) 1063.95 £ 207.50 1097.06 + 154.33 0.18 0.599
SDNN (ms) 65.37 £+ 40.82 62.38 £ 38.01 0.08 0.726
LFnu 1692 £3.77 15.82 £4.21 0.28 0.413
HFnu 4211 £ 6.27 4299 +£8.21 0.12 0.717
LF/HF 0.45 +0.16 042 +£0.18 0.18 0.524
Arterial stiffness
SBP (mmHg) 12527 £7.76 107.16 £ 11.09 * 1.93 <0.001
DBP (mmHg) 61.58 = 5.84 57.74 =798 0.56 0.105
PP (mmHg) 63.37 £+ 8.04 49.54 £7.22* 1.80 <0.001
ASI 63.56 £+ 12.55 53.83 +8.03 * 0.90 0.016

Values are presented as the mean + standard deviation. Abbreviations: HR, heart rate; NN, normal-to-normal
interval; SDNN, standard deviation of the NN intervals; LFnu, low-frequency power in normalized units;
HFnu, high-frequency power in normalized units; LF/HF, the ratio of LE-to-HF power; SBP, systolic blood
pressure; DBP, diastolic blood pressure; PP, pulse pressure; ASI, arterial stiffness index; ES, effect size. * p < 0.05,
significant differences between male and female participants.

3.4. Correlation Analysis

Table 4 represents the correlation analysis of SDNN, LF/HF, and ASI with VO,max

in male and female participants. A significant negative correlation between VO,max and
SDNN was found in female participants but not in male participants. In addition, no

significant correlation between LF/HF and ASI with VO,max existed in both groups.

Table 4. Correlation analysis of SDNN, LF/HF, and ASI with VOzmax.

Groups VO,max-SDNN VO,max-LF/HF VO,max-ASI
Male (1 = 20) 0.388 (p = 0.091) ~0.130 (p = 0.583) 0.282 (p = 0.228)
Female (1 = 16) —0.532* (p = 0.034) 0.104 (p = 0.702) —0.169 (p = 0.532)

Values are presented as coefficient of correlation r and level of statistical significance. (* p < 0.05). Abbreviations:

VOzmax, maximal oxygen consumption; SDNN, standard deviation of the NN intervals; LF/HF, the ratio of
LF-to-HF power; ASI, arterial stiffness index.

4. Discussion

This study examined the differences between male and female badminton athletes
regarding aerobic capacity, HRV, and arterial stiffness. Our findings revealed that the male
badminton athletes exhibited a significantly higher VO,max, anaerobic threshold, and
time to exhaustion than their female counterparts. By contrast, female badminton athletes
showed superior arterial function, compared with male badminton athletes. However, no
significant differences between sexes in terms of HRV measures were noted. In addition,
the correlation analysis showed that a significant correlation between VO;max and SDNN
existed in female badminton athletes, but no other significant correlations were found in
both groups.

In agreement with the findings of previous studies, our data showed large significant
differences between male and female badminton athletes in relation to VOzmax [3,28].
VO,max, which is considered a direct marker of aerobic capacity, tended to be higher in
the male participants than in the female participants. Furthermore, in previous Czech [3]
and Indian [28] studies of national athletes in badminton and hockey, respectively, VOzmax
values were higher among men (63.2 £ 3.7 and 55.85 + 3.94 mL/kg/min, respectively)
than women (55.2 & 2.6 and 43.92 £ 2.76 mL/kg/min, respectively). This sex difference
could be attributed to lower body fat percentages and higher muscle mass and hemoglobin
levels in men [29,30]. A previous study reported that skeletal muscle mass was positively
correlated with VOzmax [31]. These findings imply that the amount of muscle mass might
be responsible for sex differences in VO,max. Further studies are needed to examine the
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role of muscle mass contributing to the sex difference in VO,max among elite athletes. Gen-
erally, the hemoglobin level of men is approximately 10% higher than that in women [32].

However, whether the hemoglobin level affects the sex difference in VO,max in badminton
athletes should be further studied. Furthermore, the results of our study demonstrated
large significant differences between male and female badminton athletes with regard to
the anaerobic threshold. In agreement with our results, a significantly higher anaerobic
threshold in male adolescent cross-country runners than in their female counterparts was
observed by Cunningham [33]. Moreover, Yasuda et al. [34] reported a higher anaerobic
threshold in recreationally active male participants than in their female counterparts during
a leg cycling test.

In the present study, the maximal blood pressure was also determined during the
incremental exercise test. We observed a significantly higher maximal SBP in the male
participants than in the female participants. In agreement with our study, Caselli et al.
noted a significantly higher maximal SBP in men than in women, through an examination
of SBP in response to maximal exercise among a cohort of 1876 young normotensive
elite athletes [35]. Wheatley et al. [36] observed lower SBP in response to maximal and
submaximal exercise in women than in men. These findings could be attributed to the
inability to elevate stroke volume through an increase in the heart rate, the attenuated
sympathetic response, and a higher basal vasodilatory state in females.

In this study, we noted large significant differences between male and female bad-
minton athletes regarding arterial stiffness; this finding was in accordance with those
reported by Doonan et al. [37] and Perdomo et al. [38]. Those two studies have ob-
served significantly higher levels of arterial stiffness at rest, indicated by pulse wave
velocity, in healthy young men than in their female counterparts. In addition, Nieman et al.
noted differences in arterial stiffness following 2 h of running between male and female
trained runners [39]. These results might be attributed to sex hormones and differences
in endothelin-1 production between sexes [40,41]. Estrogen exerts cardioprotective effects,
and sex hormones and their receptors might partially regulate sex differences in cardio-
vascular outcomes [42]. Some studies have speculated that arterial stiffness was decreased
in women and increased in men after sexual maturity [42—44]. This is consistent with the
age (20 to 28 years old) of our recruited badminton athletes. In addition, strength training
for increasing muscle mass has been associated with lower arterial compliance, which
refers to higher arterial stiffness [45]. Previous studies demonstrated that young adults
participating in strength-based sports, which increased muscle mass, would exhibit higher
arterial stiffness, compared with sedentary individuals [46,47]. However, whether higher
muscle mass affects the sex difference in terms of arterial stiffness in badminton athletes
should be further confirmed in future studies.

The results of our study revealed significantly higher resting SBP in the male partici-
pants than in the female counterparts. Similarly, Zemva et al. noted significantly higher
values of SBP in male dancers than in female dancers [48]. In addition, Caselli et al. exam-
ined the resting SBP and DBP in Olympic athletes and found significantly higher values
of SBP and DBP in men than in women [35]. Although we observed large significant
differences in SBP between male and female participants, no significant differences in DBP
were observed between the groups in the present study. The major determinants underly-
ing these differences in blood pressure between male and female participants include the
angiotensin system, the sympathetic nervous activity, sex hormones, ET-1, and the immune
system [49]. Furthermore, a study examined PP in young healthy Swedish adults and
found significantly higher values in men than in women, which is in agreement with the
results from our study [50]. The major factors responsible for differences in PP are arterial
stiffness and cardiac output [51].

In the present study, HRV parameters did not significantly differ between male and
female badminton athletes. By contrast, Hedelin et al. [52] observed a higher level of
parasympathetic activity, indicated by higher HF and total power, in female adolescent
cross-country skiers than in their male counterparts. Berkoff et al. [53] found significant
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differences in the LFnu, the LF-to-HF ratio, and the percentage of successive NN intervals that
differ by more than 50 ms (pNNb50) between elite male and female track-and-field athletes.
In their study, LF power was significantly lower in women and both the LF-to-HF ratio
and pNN50 were significantly higher in women than in men. Previous studies [54,55] have
reported that men exhibited a more blunted parasympathetic modulation of cardiovascular
activity, compared with women. Koenig and Thayer [55] stated that these variations in
autonomic modulation might be attributed to differences in the levels of estrogen, oxytocin,
and neural control between men and women. By contrast, Schifer et al. [56] found no sex
differences in HRV at rest in the supine position in elite cross-country skiers. The authors
speculated that these findings could be explained by a very high level of training experience
of participants and might be due to the inability to further increase HRV. Similarly, the
participants examined in our study were elite athletes, which could have contributed to the
absence of sex differences in HRV measures.

Sex differences also existed in our correlation analysis. We found a significant negative

correlation between VO,max and SDNN in female participants but not in male participants.
Additionally, no other relationships existed in both groups. Previous studies indicated that
some HRV indicators, such as higher SDNN and pNN50, were significantly correlated with

greater VOzmax [57,58]. Some researchers suggested that correlations between HRV indi-

cators and VO, max existed mainly due to the relationship between heart rate and VO,max.
Possible reasons explaining our contrasting results might be the training status of our
participants (i.e., elite badminton players) and smaller sample size. Further research should

be conducted to verify the relationship between HRV indicators and VO,max in badminton
athletes, and the underlying mechanisms need more exploration in future studies.

There were some limitations in our study. First, this study had a relatively small number
of participants, which would limit the generalization of our results. Therefore, the recruitment
of more participants would be preferable in future research. Second, sex differences in aerobic
capacity and arterial stiffness in elite badminton athletes were observed in this study. However,
the physiological mechanisms responsible for these sex differences remain unidentified. Future
research should be conducted to identify the potential factors affecting these sex differences
in cardiovascular modulation. Lastly, the short-term recordings were used to evaluate the
HRYV measures, and no sex differences in HRV were found in elite badminton athletes. The
24 h long-term recordings (e.g., electrocardiography) for the HRV measures, which provide
other parameters (e.g., SDNN index and pNN50), are recommended to further confirm and
examine these results in the athletes.

5. Conclusions

Our study revealed sex differences in the performance of elite badminton athletes with
respect to aerobic capacity and arterial stiffness. However, no significant differences be-
tween sexes on HRV measures were observed. In addition, the correlation analysis showed

that a significant correlation between VO,max and SDNN existed in female badminton
athletes, but no other significant correlations were found in both groups. These findings
in terms of sex differences could provide more information in either health promotion
or sports performance when designing appropriate intervention programs for improving
cardiovascular function. Furthermore, this study may contribute to further understanding
of the influences of sex differences on cardiovascular modulation.

Author Contributions: Conceptualization, Y.-L.C. and A.-L.Y.; methodology, C.-C.T., Y.-L.C., LK.
and A.-L.Y,; formal analysis, C.-C.T., Y.-L.C., LK. and A.-L.Y,; investigation, C.-C.T., Y.-L.C. and
A.-L.Y; resources, Y.-L.C. and A.-L.Y.; data curation, C.-C.T., Y.-L.C., L.K,, KM., C.-T.S. and A.-L.Y.;
writing—original draft preparation, C.-C.T., Y.-L.C., LK., KM.,, C.-T.S. and A.-L.Y.; writing—review
and editing, Y.-L.C., C.-T.S. and A.-L.Y,; visualization, Y.-L.C. and A.-L.Y.; supervision, Y.-L.C. and
A-L.Y,; project administration, Y.-L.C. and A.-L.Y,; funding acquisition, Y.-L.C. and A.-L.Y. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by the University of Taipei, Taiwan.



Int. |. Environ. Res. Public Health 2022, 19, 3206 9of 11

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of the University of Taipei,
Taiwan (IRB-2019-060, 12 December 2019).

Informed Consent Statement: Informed consent was obtained from all participants involved in
the study.

Data Availability Statement: The data presented in this study are available from the corresponding
author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Faude, O.; Meyer, T.; Rosenberger, F,; Fries, M.; Huber, G.; Kindermann, W. Physiological characteristics of badminton match play.
Eur J. Appl. Physiol. 2007, 100, 479-485. [CrossRef] [PubMed]

2. Cabello Manrique, D.; Gonzalez-Badillo, ].J. Analysis of the characteristics of competitive badminton. Br. J. Sports Med. 2003, 37,
62—-66. [CrossRef] [PubMed]

3. Heller, J. Physiological profiles of elite badminton players: Aspects of age and gender. Br. J. Sports Med. 2010, 44,i17. [CrossRef]

4. Phomsoupha, M.; Laffaye, G. The science of badminton: Game characteristics, anthropometry, physiology, visual fitness and
biomechanics. Sports Med. 2015, 45, 473-495. [CrossRef] [PubMed]

5. Oliveira, R.S; Leicht, A.S.; Bishop, D.; Barbero-Alvarez, J.C.; Nakamura, EY. Seasonal changes in physical performance and heart
rate variability in high level futsal players. Int. J. Sports Med. 2013, 34, 424-430. [CrossRef]

6. Rajendra Acharya, U.; Paul Joseph, K.; Kannathal, N.; Lim, C.M.; Suri, J.S. Heart rate variability: A review. Med. Biol. Eng. Comput.
2006, 44, 1031-1051. [CrossRef] [PubMed]

7. Plews, D.J.; Laursen, P.B.; Kilding, A.E.; Buchheit, M. Heart rate variability in elite triathletes, is variation in variability the key to
effective training? A case comparison. Eur. J. Appl. Physiol. 2012, 112, 3729-3741. [CrossRef] [PubMed]

8. Diiking, P.; Zinner, C.; Trabelsi, K.; Reed, J.L.; Holmberg, H.C.; Kunz, P.; Sperlich, B. Monitoring and adapting endurance training
on the basis of heart rate variability monitored by wearable technologies: A systematic review with meta-analysis. J. Sci. Med.
Sport 2021, 24, 1180-1192. [CrossRef]

9. Aubert, AE;; Seps, B.; Beckers, F. Heart rate variability in athletes. Sports Med. 2003, 33, 889-919. [CrossRef]

10. Carter, ].B.; Banister, E.W.; Blaber, A.P. Effect of endurance exercise on autonomic control of heart rate. Sports Med. 2003, 33, 33—46.
[CrossRef]

11.  Chen, C.Y;; Dicarlo, S.E. Endurance exercise training-induced resting Bradycardia: A brief review. Sports Med. Train. Rehabil. 1998,
8,37-77. [CrossRef]

12.  Huikuri, H.V,; Pikkujamsa, S.M.; Airaksinen, K.E.; Ikaheimo, M.].; Rantala, A.O.; Kauma, H.; Lilja, M.; Kesaniemi, Y.A. Sex-related
differences in autonomic modulation of heart rate in middle-aged subjects. Circulation 1996, 94, 122-125. [CrossRef] [PubMed]

13.  Ryan, S.M.; Goldberger, A.L.; Pincus, S.M.; Mietus, J.; Lipsitz, L.A. Gender- and age-related differences in heart rate dynamics:
Are women more complex than men? J. Am. Coll. Cardiol. 1994, 24, 1700-1707. [CrossRef]

14. Carter, ].B.; Banister, E.W.; Blaber, A.P. The effect of age and gender on heart rate variability after endurance training. Med. Sci.
Sports Exerc. 2003, 35, 1333-1340. [CrossRef]

15. Gregoire, J.; Tuck, S.; Yamamoto, Y.; Hughson, R.L. Heart rate variability at rest and exercise: Influence of age, gender, and
physical training. Can. J. Appl. Physiol. 1996, 21, 455-470. [CrossRef]

16. Manresa-Rocamora, A.; Sarabia, ].M.; Javaloyes, A.; Flatt, A.A.; Moya-Ramoén, M. Heart Rate Variability-Guided Training for
Enhancing Cardiac-Vagal Modulation, Aerobic Fitness, and Endurance Performance: A Methodological Systematic Review with
Meta-Analysis. Int. ]. Environ. Res. Public Health 2021, 18, 10299. [CrossRef]

17.  Laurent, S.; Boutouyrie, P.; Asmar, R.; Gautier, I.; Laloux, B.; Guize, L.; Ducimetiere, P.; Benetos, A. Aortic stiffness is an
independent predictor of all-cause and cardiovascular mortality in hypertensive patients. Hypertension 2001, 37, 1236-1241.
[CrossRef]

18. Kingwell, B.A. Large artery stiffness: Implications for exercise capacity and cardiovascular risk. Clin. Exp. Pharmacol. Physiol.
2002, 29, 214-217. [CrossRef]

19. Currie, K.D.; Thomas, S5.G.; Goodman, .M. Effects of short-term endurance exercise training on vascular function in young males.
Eur. ]. Appl. Physiol. 2009, 107, 211-218. [CrossRef]

20. Kakiyama, T.; Sugawara, J.; Murakami, H.; Maeda, S.; Kuno, S.; Matsuda, M. Effects of short-term endurance training on aortic
distensibility in young males. Med. Sci. Sports Exerc. 2005, 37, 267-271. [CrossRef]

21. Sirbu, E.; Buzas, R.; Mihaescu, R.; Suceava, I; Lighezan, D. Influence of exercise training and eating behavior on arterial stiffness
in young healthy students. Wien. Klin. Wochenschr. 2015, 127, 555-560. [CrossRef] [PubMed]

22. Coates, AM.; Millar, PJ.; Burr, J.E Blunted Cardiac Output from Overtraining Is Related to Increased Arterial Stiffness. Med. Sci.

Sports Exerc. 2018, 50, 2459-2464. [CrossRef] [PubMed]


http://doi.org/10.1007/s00421-007-0441-8
http://www.ncbi.nlm.nih.gov/pubmed/17473928
http://doi.org/10.1136/bjsm.37.1.62
http://www.ncbi.nlm.nih.gov/pubmed/12547746
http://doi.org/10.1136/bjsm.2010.078725.51
http://doi.org/10.1007/s40279-014-0287-2
http://www.ncbi.nlm.nih.gov/pubmed/25549780
http://doi.org/10.1055/s-0032-1323720
http://doi.org/10.1007/s11517-006-0119-0
http://www.ncbi.nlm.nih.gov/pubmed/17111118
http://doi.org/10.1007/s00421-012-2354-4
http://www.ncbi.nlm.nih.gov/pubmed/22367011
http://doi.org/10.1016/j.jsams.2021.04.012
http://doi.org/10.2165/00007256-200333120-00003
http://doi.org/10.2165/00007256-200333010-00003
http://doi.org/10.1080/15438629709512518
http://doi.org/10.1161/01.CIR.94.2.122
http://www.ncbi.nlm.nih.gov/pubmed/8674168
http://doi.org/10.1016/0735-1097(94)90177-5
http://doi.org/10.1249/01.MSS.0000079046.01763.8F
http://doi.org/10.1139/h96-040
http://doi.org/10.3390/ijerph181910299
http://doi.org/10.1161/01.HYP.37.5.1236
http://doi.org/10.1046/j.1440-1681.2002.03622.x
http://doi.org/10.1007/s00421-009-1116-4
http://doi.org/10.1249/01.MSS.0000152733.12578.5A
http://doi.org/10.1007/s00508-015-0799-2
http://www.ncbi.nlm.nih.gov/pubmed/26033407
http://doi.org/10.1249/MSS.0000000000001725
http://www.ncbi.nlm.nih.gov/pubmed/30102678

Int. |. Environ. Res. Public Health 2022, 19, 3206 10 of 11

23.

24.

25.

26.

27.
28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Camm, A.J.; Malik, M.; Bigger, ].T.; Breithardt, G.; Cerutti, S.; Cohen, R.J.; Singer, D.H. Heart rate variability: Standards of
measurement, physiological interpretation, and clinical use. Task Force of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology. Circulation. 1996, 93, 1043-1065.

Kao, Y.T.; Wang, S.T.; Shih, C.M,; Lin, FY.; Tsao, N.W.; Chiang, K.H.; Chan, C.S.; Lin, Y.C.; Hung, M.Y.; Hsieh, M.H.; et al. Arterial
Stiffness Index and Coronary Artery Plaques in Patients with Subclinical Coronary Atherosclerosis. Acta Cardiol. Sin. 2015, 31,
59-65. [CrossRef]

Bruce, R.A. Exercise testing of patients with coronary heart disease. Principles and normal standards for evaluation. Ann. Clin.
Res. 1971, 3, 323-332.

Hamlin, M.].; Draper, N.; Blackwell, G.; Shearman, J.P.; Kimber, N.E. Determination of maximal oxygen uptake using the bruce or
a novel athlete-led protocol in a mixed population. . Hum. Kinet. 2012, 31, 97-104. [CrossRef]

Cohen, ]. Statistical Power Analysis for the Behavioral Sciences, 2nd ed.; Lawrence Erlbaum Associates: Hillsdale, NJ, USA, 1988.
Sharma, H.B.; Kailashiya, J. Gender Difference in Aerobic Capacity and the Contribution by Body Composition and Haemoglobin
Concentration: A Study in Young Indian National Hockey Players. J. Clin. Diagn. Res. 2016, 10, CC09-CC13. [CrossRef]

Joyner, M.].; Coyle, E.F. Endurance exercise performance: The physiology of champions. J. Physiol. 2008, 586, 35—44. [CrossRef]
Sandbakk, O.; Solli, G.S.; Holmberg, H.C. Sex Differences in World-Record Performance: The Influence of Sport Discipline and
Competition Duration. Int. |. Sports Physiol. Perform. 2018, 13, 2-8. [CrossRef]

Sanada, K.; Kuchiki, T.; Miyachi, M.; McGrath, K.; Higuchi, M.; Ebashi, H. Effects of age on ventilatory threshold and peak
oxygen uptake normalised for regional skeletal muscle mass in Japanese men and women aged 20-80 years. Eur. . Appl. Physiol.
2007, 99, 475-483. [CrossRef]

Sandbakk, O.; Ettema, G.; Leirdal, S.; Holmberg, H.C. Gender differences in the physiological responses and kinematic behaviour
of elite sprint cross-country skiers. Eur. J. Appl Physiol. 2012, 112, 1087-1094. [CrossRef] [PubMed]

Cunningham, L. Physiologic Comparison of Adolescent Female and Male Cross-Country Runners. Pediatric Exerc. Sci. 1990, 2,
313-321. [CrossRef]

Yasuda, N.; Gaskill, S.E.; Ruby, B.C. No gender-specific differences in mechanical efficiency during arm or leg exercise relative to
ventilatory threshold. Scand. |. Med. Sci. Sports 2008, 18, 205-212. [CrossRef] [PubMed]

Caselli, S.; Vaquer Segui, A.; Quattrini, F; Di Gacinto, B.; Milan, A.; Assorgi, R.; Verdile, L.; Spataro, A.; Pelliccia, A. Upper normal
values of blood pressure response to exercise in Olympic athletes. Am. Heart . 2016, 177, 120-128. [CrossRef]

Wheatley, C.M.; Snyder, E.M.; Johnson, B.D.; Olson, T.P. Sex differences in cardiovascular function during submaximal exercise in
humans. Springerplus 2014, 3, 445. [CrossRef]

Doonan, R.J.; Mutter, A.; Egiziano, G.; Gomez, Y.H.; Daskalopoulou, S.S. Differences in arterial stiffness at rest and after acute
exercise between young men and women. Hypertens. Res. 2013, 36, 226-231. [CrossRef]

Perdomo, S.J.; Moody, A.M.; McCoy, S.M.; Barinas-Mitchell, E.; Jakicic, ].M.; Gibbs, B.B. Effects on carotid-femoral pulse wave
velocity 24 h post exercise in young healthy adults. Hypertens. Res. 2016, 39, 435-439. [CrossRef]

Nieman, D.; Dew, D.; Krasen, P. Gender difference in the acute influence of a 2-hour run on arterial stiffness in trained runners.
Res. Sports Med. 2013, 21, 66-77. [CrossRef]

Stefanadis, C.; Tsiamis, E.; Dernellis, J.; Toutouzas, P. Effect of estrogen on aortic function in postmenopausal women. Am. J.
Physiol. 1999, 276, H658-H662. [CrossRef]

Vuurmans, T.J.; Boer, P.; Koomans, H.A. Effects of endothelin-1 and endothelin-1 receptor blockade on cardiac output, aortic
pressure, and pulse wave velocity in humans. Hypertension 2003, 41, 1253-1258. [CrossRef]

DuPont, ].J.; Kenney, R.M.; Patel, A.R.; Jaffe, I.Z. Sex differences in mechanisms of arterial stiffness. Br. ]. Pharmacol. 2019, 176,
4208-4225. [CrossRef] [PubMed]

Robb, A.O.; Mills, N.L,; Din, ].N.; Smith, I.B.; Paterson, F.; Newby, D.E.; Denison, F.C. Influence of the menstrual cycle, pregnancy,
and preeclampsia on arterial stiffness. Hypertension 2009, 53, 952-958. [CrossRef] [PubMed]

Stamatelopoulos, K.S.; Georgiopoulos, G.; Papaioannou, T.; Lambrinoudaki, I.; Kouzoupis, A.; Vlachopoulos, C.; Georgiou, S.P;
Manios, E.; Alevizaki, M.; Papamichael, C.M.; et al. Can premenstrual syndrome affect arterial stiffness or blood pressure?
Atherosclerosis 2012, 224, 170-176. [CrossRef]

Bertovic, D.A.; Waddell, TK.; Gatzka, C.D.; Cameron, J.D.; Dart, A.M.; Kingwell, B.A. Muscular strength training is associated
with low arterial compliance and high pulse pressure. Hypertension 1999, 33, 1385-1391. [CrossRef] [PubMed]

Otsuki, T.; Maeda, S.; Iemitsu, M.; Saito, Y.; Tanimura, Y.; Ajisaka, R.; Miyauchi, T. Relationship between arterial stiffness and
athletic training programs in young adult men. Am. J. Hypertens. 2007, 20, 967-973. [CrossRef]

Otsuki, T.; Maeda, S.; Iemitsu, M.; Saito, Y.; Tanimura, Y.; Ajisaka, R.; Miyauchi, T. Vascular endothelium-derived factors and
arterial stiffness in strength- and endurance-trained men. Am. J. Physiol. Heart Circ. Physiol. 2007, 292, H786-H791. [CrossRef]
Zemva, A.; Rogel, P. Gender differences in athlete’s heart: Association with 24-h blood pressure. A study of pairs in sport dancing.
Int. |. Cardiol. 2001, 77, 49-54. [CrossRef]

Song, J.J.; Ma, Z.; Wang, J.; Chen, L.X.; Zhong, J.C. Gender Differences in Hypertension. J. Cardiovasc. Transl. Res. 2020, 13, 47-54.
[CrossRef]

Fernberg, U.; Fernstrom, M.; Hurtig-Wennlof, A. Arterial stiffness is associated to cardiorespiratory fitness and body mass
index in young Swedish adults: The Lifestyle, Biomarkers, and Atherosclerosis study. Eur. |. Prev. Cardiol. 2017, 24, 1809-1818.
[CrossRef]


http://doi.org/10.6515/acs20140630b
http://doi.org/10.2478/v10078-012-0010-z
http://doi.org/10.7860/JCDR/2016/20873.8831
http://doi.org/10.1113/jphysiol.2007.143834
http://doi.org/10.1123/ijspp.2017-0196
http://doi.org/10.1007/s00421-006-0375-6
http://doi.org/10.1007/s00421-011-2063-4
http://www.ncbi.nlm.nih.gov/pubmed/21748369
http://doi.org/10.1123/pes.2.4.313
http://doi.org/10.1111/j.1600-0838.2007.00637.x
http://www.ncbi.nlm.nih.gov/pubmed/17490463
http://doi.org/10.1016/j.ahj.2016.04.020
http://doi.org/10.1186/2193-1801-3-445
http://doi.org/10.1038/hr.2012.158
http://doi.org/10.1038/hr.2015.161
http://doi.org/10.1080/15438627.2012.738445
http://doi.org/10.1152/ajpheart.1999.276.2.H658
http://doi.org/10.1161/01.HYP.0000072982.70666.E8
http://doi.org/10.1111/bph.14624
http://www.ncbi.nlm.nih.gov/pubmed/30767200
http://doi.org/10.1161/HYPERTENSIONAHA.109.130898
http://www.ncbi.nlm.nih.gov/pubmed/19398652
http://doi.org/10.1016/j.atherosclerosis.2012.05.037
http://doi.org/10.1161/01.HYP.33.6.1385
http://www.ncbi.nlm.nih.gov/pubmed/10373221
http://doi.org/10.1016/j.amjhyper.2007.05.001
http://doi.org/10.1152/ajpheart.00678.2006
http://doi.org/10.1016/S0167-5273(00)00417-4
http://doi.org/10.1007/s12265-019-09888-z
http://doi.org/10.1177/2047487317720796

Int. |. Environ. Res. Public Health 2022, 19, 3206 11 of 11

51.

52.

53.

54.

55.

56.

57.

58.

Ahimastos, A.A.; Formosa, M.; Dart, A.M.; Kingwell, B.A. Gender differences in large artery stiffness pre- and post puberty.
J. Clin. Endocrinol. Metab. 2003, 88, 5375-5380. [CrossRef]

Hedelin, R.; Wiklund, U.; Bjerle, P.; Henriksson-Larsen, K. Pre- and post-season heart rate variability in adolescent cross-country
skiers. Scand. |. Med. Sci. Sports 2000, 10, 298-303. [CrossRef] [PubMed]

Berkoff, D.J.; Cairns, C.B.; Sanchez, L.D.; Moorman, C.T., 3rd. Heart rate variability in elite American track-and-field athletes.
J. Strength Cond. Res. 2007, 21, 227-231. [CrossRef] [PubMed]

Dart, AM.; Du, XJ.; Kingwell, B.A. Gender, sex hormones and autonomic nervous control of the cardiovascular system. Cardiovasc.
Res. 2002, 53, 678-687. [CrossRef]

Koenig, J.; Thayer, ].E. Sex differences in healthy human heart rate variability: A meta-analysis. Neurosci. Biobehav. Rev. 2016, 64,
288-310. [CrossRef]

Schafer, D.; Gjerdalen, G.F,; Solberg, E.E.; Khokhlova, M.; Badtieva, V.; Herzig, D.; Trachsel, L.D.; Noack, P.; Karavirta, L.; Eser, P;
et al. Sex differences in heart rate variability: A longitudinal study in international elite cross-country skiers. Eur. |. Appl. Physiol.
2015, 115, 2107-2114. [CrossRef]

Aslani, A.; Aslani, A.; Kheirkhah, ].; Sobhani, V. Cardio-pulmonary fitness test by ultra-short heart rate variability. ]. Cardiovasc.
Dis. Res. 2011, 2, 233-236. [CrossRef]

Grant, C.C.; Murray, C.; Janse van Rensburg, D.C.; Fletcher, L. A comparison between heart rate and heart rate variability as
indicators of cardiac health and fitness. Front. Physiol. 2013, 4, 337. [CrossRef]


http://doi.org/10.1210/jc.2003-030722
http://doi.org/10.1034/j.1600-0838.2000.010005298.x
http://www.ncbi.nlm.nih.gov/pubmed/11001398
http://doi.org/10.1519/00124278-200702000-00041
http://www.ncbi.nlm.nih.gov/pubmed/17313294
http://doi.org/10.1016/S0008-6363(01)00508-9
http://doi.org/10.1016/j.neubiorev.2016.03.007
http://doi.org/10.1007/s00421-015-3190-0
http://doi.org/10.4103/0975-3583.89808
http://doi.org/10.3389/fphys.2013.00337

	Introduction 
	Materials and Methods 
	Participants 
	Measurements of HRV and Arterial Stiffness 
	Measurement of Aerobic Capacity 
	Statistical Analysis 

	Results 
	General Characteristics 
	Aerobic Capacity 
	HRV and Arterial Stiffness 
	Correlation Analysis 

	Discussion 
	Conclusions 
	References

