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INTRODUCTION

It is a well-known fact that participating in systemically designed exer-

cise training provides critical benefits that prevent premature mortality 

due to cardiovascular diseases [1]. Resistance training may also enhance 

heart rate variability (HRV), reflecting cardiac autonomic regulation 

(CAR) in patients with cardiac autonomic imbalance [2]. However, con-

troversies remain regarding the cardio-protective effects of regular physi-

cal activity, in particular resistance training. For instance, a previous 

study investigating the effects of 12-week isokinetic eccentric strength 

training in healthy older men indicated a significant increase in the peak 

torques of the quadriceps and hamstring muscle groups [3]. However, 

contrary to their hypothesis, the authors were faced with an unexpected 

result. Eccentric resistance training led to a decrease in HRV, and fur-

ther, a physiological mechanism that explains eccentric training-induced 

cardiac autonomic imbalance has not been identified to date [3].

The effects of exercise training may be attributed to physiological re-

sponses to a single session of exercise and post-exercise hypotension was 

found to contribute to the improvement of the hypertension induced by 

exercise training in a previous study [4]. The eccentric resistance exercise 
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(ERE) employed in the above-mentioned study consisted of muscle 

movements, which generate force during active lengthening contraction 

[5]. As eccentric exercise (ECC) can generate a high degree of force with 

low metabolic demand, exercise modalities involving eccentric muscle 

contractions are popular with both athletes and elderly people [6]. How-

ever, ECC leads to exercise-induced muscle damage (EIMD) [7]. A single 

session of ECC has been employed as a conventional tool in an experi-

mental design for creating EIMD, especially in muscle groups unaccus-

tomed to ECC [8]. Typically, unaccustomed ECC may provoke symp-

toms of muscle damage, such as reduced muscle force and range of mo-

tion (ROM), the emergence of delayed onset muscle soreness (DOMS), 

and increased muscle swelling, as well as increased muscle echo intensity 

(EI) [9]. Interestingly, CAR or HRV indices also are likely to depress by 

an inflammatory response which is postulated to cause increases of 

muscle swelling and muscle echo intensity [10].

On the other hand, the initial bout of ECC can have a protective effect 

against muscle damage from a subsequent bout, and thus EIMD caused 

by eccentric muscle contraction would be offset via repeated bouts of 

ECC, a process known as the “repeated bout effect (RBE)” [7]. To date, 

however, there is no clinical information on cardiac autonomic respons-

es to a single bout of ERE and whether the RBE can induce cardiovascu-

lar adaptations. Whether acute ECC contributes to cardiac autonomic 

imbalance is an urgent question that needs to be answered, given the 

dramatic disruption of cardiovascular homeostasis by exercise as well as 

the incidence of cardiac events such as sudden death after exercise [11]. 

Therefore, the present study was conducted to investigate changes in 

HRV indices as well as muscle damage indicators following maximal 

ERE and to determine whether cardiac autonomic responses adapt to 

repeated bouts of ECC.

METHODS

1. Participants

Since exercise training may provide protection against EIMD, physi-

cally inactive college-aged men who had not exercised regularly for at 

least 12 months were eligible for inclusion. The main exclusion criteria 

were as follows: (1) Known cardiovascular and metabolic problems, (2) 

taking prescribed medications, (3) taking any anti-inflammatory drugs 

(e.g., non-steroid anti-inflammatory drugs) or nutritional supplements 

(e.g., vitamins and amino acids) for at least 2 weeks before participating 

in the 1st ERE, and (4) hypertension (systolic blood pressure >140 mm 

Hg or diastolic blood pressure >90 mm Hg) and/or obesity (BMI >30 kg/

m2). 

Sample size analysis was performed by using the G*power 3.1.9.2 soft-

ware (Heinrich-Heine-Universität Düsseldorf, Düsseldorf, Germany; 

http://www.gpower.hhu.de/) for analysis of variance (ANOVA) [12]. To 

calculate total sample size presented by Cohen (effect size = 0.25), the fol-

lowing variables were set in repeated measures, within-between interac-

tion, and ANOVA approach: ⅰ) α err prob (the probability for type Ⅰ 

error) = 0.05, ⅱ) Power (1-β err prob; type Ⅱ error) = 0.8, ⅲ) Number of 

groups =2 (first and second bout), and ⅳ) Number of measurements = 6 

(pre, post, 24 hour, 48 hour, 72 hour, and 96 hour after ERE bout).

After excluding individuals who dropped out (n =1) or had an abnor-

mal pattern in muscle EI (n =1), data for 11 men were included in statis-

tical analysis and the study was performed with a randomized controlled 

design.

The present study was approved by the Institutional Review Board 

(IRB) of Kyungpook National University [2018-0067] and all experi-

mental procedures strictly followed the Declaration of Helsinki.

2. Study design

All participants in this study performed the 2nd ERE after a 3-week 

wash-out period following the 1st ERE. All of the data were collected 

before and immediately after as well as 24, 48, 72, and 96 hours after 

both ERE bouts. Experimental procedure and measuring sequence are 

presented in Fig. 1. Since several measuring techniques such as evalua-

tion of muscle pain using pressure algometer may have an acute influ-

ences on CAR, r-r intervals at rest were always recorded first. Moreover, 

maximum voluntary isometric contraction torque which can perturb 

the results of all measuring variables was tested last.

For at least 24 hours before each experimental trial and up to 96 hours 

after ERE, all participants were instructed to abstain from taking any 

drugs or receiving treatment that would affect the exercised muscles and 

to avoid alcohol and caffeine use as well as strenuous physical activity.

3. Familiarization session

Anthropometric and hemodynamic variables were evaluated at least 

3-5 days before each experimental session. During the familiarization 

session, all participants became accustomed to ERE performed on an 

isokinetic dynamometer (HUMAC NORM, CSMi Medical Solutions, 

Stoughton, MA). The isokinetic ECC for each pre-practice was per-

formed with the angular velocity (9°/second) used to return the knee 
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joint to the extension position during the maximal ERE.

4. Eccentric exercise protocol

Repeated bouts of ERE consisted of the maximal isokinetic ECC, 

which was performed using the knee extensor identified as the non-

dominant limb. Each bout of isokinetic ECC consisted of five sets of six 

maximal contractions with an angular velocity of 90°/second, and each 

of the contractions was performed within a ROM between anatomical 

zero and 90° [9]. The isokinetic dynamometer was programmed to re-

turn to anatomical zero at an angular velocity of 9°/second with a 10-sec-

ond rest period between eccentric contractions, and the rest period be-

tween sets was set at 2 minutes [9].

5. Dependent variables

1) Muscle EI

A 7.5-MHz linear array ultrasound probe attached to a Logiq 200 

PRO system (GE Medical Systems, Milwaukee, USA) was placed on the 

thigh to obtain a B-mode image of the rectus femoris muscle with a con-

stant angle and pressure throughout the measurement period. To evalu-

ate the muscle EI, the transverse image of the rectus femoris muscle was 

scanned at 50% of the distance between the lateral condyle of the femur 

and the great trochanter [13]. The measurement point was marked on 

the dermal surface to ensure consistent placement of the ultrasound 

probe, and all B-scan images were collected by the same trained exam-

iner. The collected ultrasound images were stored on a laptop running 

ImageJ software (Version 1.52a, National Institutes of Health, Bethesda, 

Maryland), and the muscle EI was calculated using a gray-scale histo-

gram (0 = black and 256 =white) for the region of interest (ROI: 1×1=1 

cm2) [14].

2) ROM

The knee joint angles for voluntary maximal f lexion (FANG) and 

maximal extension (EANG) were measured using a plastic goniometer 

(Baseline, Fabrication Enterprises Inc., White Plains, NY). EANG was 

determined when the participant performed maximal extension of the 

knee joint, while FANG was measured as the participant attempted to 

touch their heel to their buttock. The knee joint ROM was calculated by 

subtracting FANG from EANG [9].

3) MVIC torque

MVIC torques of the quadriceps muscle were evaluated using the iso-

kinetic dynamometer and determined as the highest values of two maxi-

mal contractions performed to generate maximal force at a knee joint an-

gle of 90° for 3 seconds, with a 45 seconds, rest period between trials [9].

4) Thigh circumference

Thigh circumference (TC) was measured using a tape measure at the 

mid-trochanterion tibiale laterale site perpendicular to the longitudinal 

axis while the subject was standing [15].

5) DOMS

To evaluate muscle soreness, a hand-held dial pressure algometer de-

vice (Baseline Push Pull Force Gauge Model 12-0304; Fabrication Enter-

prises Inc., USA) equipped with a flat circular probe (1.52 cm2) was uti-

lized. Participants were instructed to indicate the muscle pain perceived 

at a pressure of 4 kg/second on a visual analog scale consisting of a 100-

mm line representing ‘‘no pain’’ at one end (0 mm) and ‘‘very, very pain-

ful’’ at the other (100 mm) [16].

Fig. 1. Experimental procedure.
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6) HRV

To trace the cardiac autonomic responses following repeated bouts of 

ERE, successive r-r intervals were collected for more than 10 minutes at 

rest in a sitting position via the Polar RS800CX heart rate monitor (Polar 

Electro Oy, Kempele, Finland) with a sampling rate of 1,000 Hz. A short-

term power spectrum analysis of HRV was conducted, which required 

successive r-r intervals of more than 5 minutes [17]. The raw data were 

extracted as a text file (.hrm) using the Pro-trainer Polar 5 software (ver-

sion 5.40.171, Polar Electro, Finland), and then transferred to the HRV 

analysis software (premium version 3.0.1, 2017, Biosignal Analysis and 

Medical Imaging Group, University of Kuopio, Finland, MATLAB) [18]. 

To obtain low frequency (LF, 0.04-0.15 Hz) and high frequency (HF, 

0.15-0.40 Hz) band power, the power spectral density was calculated 

with fast Fourier transform. The normalized value of the LF component 

was used to assess the sympathetic efferent activity, while the normal-

ized unit of the HF component was considered to reflect the dominant 

parasympathetic influence. The ratio between the LF and HF band pow-

ers (LF/HF ratio) was utilized as an indicator of sympathovagal balance.

6. Statistical analysis

All data were presented as the mean ± standard error of the mean 

(SEM) using the SPSS software package (Statistical Package for the Social 

Sciences Software, Version 25.0, Chicago, IL, USA). Normality of sample 

distribution was identified via Shapiro-Wilk test and Levene’s test was 

employed to confirm homogeneity of variance. Changes in each depen-

dent variable over time were analyzed with one-way ANOVA. When a 

significant time effect was found, a Bonferroni post hoc test was per-

formed to identify significant differences from the baseline value. Re-

peated-measures ANOVA was employed to identify interaction effects. If 

a significant interaction effect was found, a Wilcoxon signed-rank test 

was performed to identify significant differences between bouts for each 

of the time points. The level of significance was set at 0.05.

RESULTS

Although the maximal voluntary isometric contraction (MVIC) torque 

was significantly greater at baseline for the 2nd ERE than for the 1st 

ERE, there were no differences in the baseline values between the two 

experimental sessions with regard to the clinical characteristics and oth-

er dependent variables (Table 1).

In each ERE, although the MVICs decreased sharply immediately af-

ter exercise and gradually increased during the recovery periods, there 

were no significant differences during the two sessions (p>.05, respec-

tively) (Table 2). TC and muscle soreness increased after exercise and de-

creased over time after all ERE bouts, but both indicators had no statisti-

cal effects within each experimental session (p>.05, respectively) (Table 2).

The muscle EI of the rectus femoris changed significantly during all 

experimental sessions (1st ERE, p< .05; 2nd ERE, p< .01) (Fig. 2A). The 

EI increased more significantly after the 1st ERE than after the 2nd ERE 

and significant interaction effects (p=.041) were found (Fig. 2A). More-

over, there was a statistical difference between bouts at 72 hours after 

ERE (p< .05) (Fig. 2A). Although the changes in ROM decreased more 

significantly after the 1st ERE than after the 2nd ERE, there was no sig-

nificant interaction effect (p=.337) between time and bout (Fig. 2B). 

However, the change in the ROM following the 1st ERE was statistically 

significant (p< .01), but there were no statistical differences in the ROM 

change after the 2nd ERE (p>.05) (Fig. 2B).

The changes in LF nu from baseline exhibited similar patterns after 

Table 1. Comparison of characteristic in participants between first- and re-
peated bouts of eccentric exercise at baseline

Variables 1st ERE 2nd ERE p

Characteristics
Age (yr) 23.45±0.80 -
BMI (kg/m2) 23.83±0.87 23.67±0.83 .328
Percent body fat (%) 16.7±1.68 16.54±1.71 .722
SBP (mmHg) 119.64±2.66 116.82±2.02 .372
DBP (mmHg) 73.09±2.09 68.64±1.25 .059
MAP (mmHg) 88.61±2.10 84.7±0.80 .062
Mean HR (beats/min) 66.09±1.81 66.82±3.54 .894

Muscle damage
RF EI (a.u.) 37.88±1.41 36.86±1.91 .790
ROM (degrees) 109.73±2.30 110.77±1.81 .220
MVIC torque (Nm) 203.27±16.41 234.27±15.21 .008
Thigh circumference (cm) 53.72±1.34 53.55±1.32 .888
Muscle soreness (cm) 1.18±0.38 1.00±0.27 .441

Heart rate variability
LF nu 54.1±5.94 53.57±5.05 .790
HF nu 45.83±5.93 46.39±5.05 .790
LF/HF ratio 1.76±0.53 1.49±0.32 .445

Values are means±SEM. 
ERE, eccentric resistance exercise; BMI, body mass index; SBP, systolic 
blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; 
HR; heart rate; RF, rectus femoris muscle; EI, echo intensity; ROM, range of 
motion; MVIC, maximal voluntary isometric contraction; LF nu, normalized 
low frequency (0.04-0.15 Hz); HF nu, normalized low frequency (0.15-0.4 
Hz); LF/HF ratio, ratio between LF and HF band powers. 
p-values are calculated by Wilcoxon signed-rank test.
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repeated bouts of ERE. Although there were significant differences in 

the changes in LF nu following each ERE bout (1st ERE, p< .05; 2nd 

ERE, p< .01), no significant interaction effects were observed (p=.969) 

between the time and bout (Fig. 3A). HF nu gradually decreased after 

each bout of ERE and there were significant differences in the changes 

in HF nu from baseline following both experimental sessions (1st ERE, 

p< .05; 2nd ERE, p< .01) (Fig. 3B). However, no significant interaction ef-

fects (p =.969) between the time and session were observed on the 

changes in HF nu (Fig. 3B). The changes in the LF/HF ratio from base-

line were statistically significant following both experimental trials 

(p< .05) (Fig. 4). However, there were no significant interaction effects 

(p=.510) between the time and session on changes in the LF/HF ratio 

(Fig. 4).

DISCUSSION 

The present study was carried out to investigate HRV responses to 

acute ERE and to examine whether the CAR adapts to repeated bouts of 

ERE.

The main findings were as follows. Firstly, the maximal ERE of the 

knee extensor muscles influences muscle damage indicators and subse-

quent bouts following the initial exercise may provide a protective effect 

against EIMD caused by ERE. Secondly, in addition to sympathetic hy-

peractivity and vagal withdrawal in CAR following the maximal ERE, 

the cardiac sympathovagal balance was significantly shifted toward 

sympathetic predominance. Moreover, the cardiac autonomic imbalance 

induced by ERE was not adapted to repeated bouts of ERE.

It has been reported that the incidence and severity of EIMD caused 

by a single bout of ECC are lower in knee extensors, which experience 

Table 2. Changes of muscle damage indicator during repeated bouts of eccentric exercise

Variables Pre Post 24 hours 48 hours 72 hours 96 hours p

MVIC torque (Nm) 1st ERE 203.27±16.41 177.64±8.99 190.36±8.69 205.36±9.17 228.91±15.54 218.91±13.35 .063
2nd ERE 234.27±51.21 219.09±12.52 222.09±13.55 245.55±18.19 243.55±14.08 246.91±17.7 .675

Thigh circumference (cm) 1st ERE 53.72±1.34 53.91±1.34 54.03±1.30 54.09±1.24 54.03±1.31 53.94±1.32 .999
2nd ERE 53.55±1.32 53.73±1.32 53.71±1.33 53.85±1.33 53.7±1.29 53.66±1.29 .999

Muscle soreness (cm) 1st ERE 1.18±0.38 1.13±0.31 1.61±0.35 1.71±0.33 1.42±0.34 1.25±0.34 .796
2nd ERE 1.00±0.27 0.75±0.23 1.22±0.31 1.41±0.33 1.01±0.34 0.82±0.27 .615

Values are means±SEM. 
MVIC, maximal voluntary isometric contraction. 
p-values are calculated by one-way analysis of variance.

Fig. 2. Changes in muscle damage indicators after repeated bouts of eccentric exercise. (A) rectus femoris echo intensity; (B) range of motion of knee ex-
tensor. EIMD, exercise-induced muscle damage; RF, rectus femoris muscle; EI, echo intensity; ROM, range of motion; ERE, eccentric resistance exercise. Val-
ues represent means±SEM. p values are calculated with one-way analysis of variance (ANOVA). Interaction is examined with repeated measures ANOVA. 
*p<.05 and **p<.01 indicate significant differences between baseline and each recovery period after the 1st eccentric exercise, analyzed with one-way 
ANOVA followed by Bonferroni’s post hoc test. †p<.05 and ††p<.01 indicate significant differences between baseline and each recovery period after the 2nd 
eccentric exercise, analyzed with one-way ANOVA followed by Bonferroni’s post hoc test. #p<.05 indicates a significant difference between the 1st and 2nd 
bouts, analyzed with Wilcoxon signed-rank test.
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eccentric contractions during daily life activities, compared to elbow 

flexors, which are rarely exposed to eccentric action [19]. For these rea-

sons, previous studies in which the investigators attempted to design an 

experimental model of muscle damage employed mainly ECC using el-

bow flexors rather than knee extensors [7,20]. However, knee extensors 

play a critical role in metabolic pathways and the locomotion system as 

the muscle groups with the largest cross-sectional area [21,22]. Further-

more, the damage and adaptation profiles of knee extensors following 

repeated bouts of ECC will provide useful clinical information to design 

resistance exercise (RE) programs, given that muscle damage such as 

sarcomeric disruption caused by RE is a physiological mechanism that 

leads to muscle hypertrophy [23]. The current study demonstrated that 

knee extensors such as the rectus femoris are damaged by the maximal 

ERE and that muscle EI is a valid tool to identify muscle damage allevi-

ated by RBE. It has been documented in previous studies that muscle EI 

may reflect the RBE as well as the time-varying characteristics of EIMD 

after lengthening muscle contractions in the elbow flexors [24]. Conse-

quently, this study indicated that maximal ERE may have led to EIMD 

of the rectus femoris, while repeated bouts of ERE were able to provide a 

protective effect on the knee extensor.

Acute RE can cause a greater delay in post-exercise parasympathetic 

reactivation than endurance exercise [25] and traditional RE decreases 

the LF nu of the HRV spectrum for up to 24 hours after exercise [26]. In 

contrast, the maximal ERE of the knee extensors significantly increased 

the LF nu or decreased the HF nu at 72 hours post-exercise in the pres-

ent study. These results suggest that acute ERE may suppress the CAR 

for long periods compared to traditional RE, although the cardiovascu-

lar load during eccentric contraction is lower than that during concen-

tric contraction [27]. Considering that ECC is recommended for elderly 

and patients with cardiovascular diseases because the cardiovascular de-

mand can be alleviated during exercise [6], the results of the current 

study highlight the importance of performing cardiovascular monitor-

ing for a sufficient length of time after acute ERE.

Chen et al. reported that acute RE led to cardiac autonomic imbalance 

despite being performed by weightlifters who had trained for 6 years or 
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longer [26]. In the current study, changes in LF nu and HF nu lasted lon-

ger after a subsequent bout than after the initial ERE and the LF/HF ra-

tio exhibited a greater increase after a subsequent bout than after the ini-

tial bout. Collectively, RBE after the maximal ERE as well as after the 

traditional RE did not appear to lead to cardiac autonomic adaptations. 

More surprisingly, a systematic review that examined the impact of RE 

on CAR after exercise concluded that post-exercise cardiac autonomic 

responses such as sympathetic hyperactivity and vagal withdrawal dur-

ing recovery are more evident in resistance-trained men [2]. These au-

thors suggested that increased catecholamine release is physiological fac-

tor that likely explains cardiac autonomic imbalance after acute RE [2]. 

However, data from previous work demonstrated that increased cate-

cholamine levels caused by acute RE returned to the baseline levels 

within 1 hour after exercise [28]. Therefore, catecholamine activity does 

not explain cardiac autonomic imbalance, which can persist long after 

acute or repeated bouts of ERE. Meanwhile, EIMD symptoms following 

ECC may persist for several days [7] and there is a possibility that signs 

of muscle damage such as inflammatory processes [29] can be implicat-

ed in cardiac autonomic responses to acute ERE. Unfortunately, indirect 

indicators of EIMD employed in previous studies cannot explain cardiac 

autonomic imbalance after repeated bouts of ECC since most muscle 

damage indicators may be adapted to acute ECC via RBE [19]. However, 

to react more quickly to subsequent muscle damage, we should note that 

inflammatory responses may not be alleviated by repeated bouts of ECC 

[30], although the theory was not evaluated in this study. Microstructur-

al damage induced by acute ERE may lead to an inflammatory response 

[29] and it has been suggested that the inflammatory process itself may 

be responsible for EIMD symptoms such as muscle soreness and swell-

ing following ECC [19]. In addition, although it is not well understood 

why muscle EI increases after ECC, increased echogenicity may be 

caused by muscle conditions such as inflammatory myositis [31]. As in-

creased inflammation can lead to decreased HRV [10,32], inflammatory 

responses to acute ERE may have an impact on both EIMD symptoms 

and CAR. However, the inflammatory theory has not been accepted as a 

valid mechanism to explain EIMD persisting for several days [33], since 

the changes in inflammatory markers recorded in previous studies de-

creased within 24 hours. Therefore, we believe that investigating valid 

inflammatory markers that can reveal EIMD symptoms is necessary, 

with a view to providing new insights into CAR as well as muscle dam-

age following acute bouts of ERE.

The current study has several limitations. In accordance with clinical 

characteristics such as age and gender as well as diseases such as fibro-

myalgia and diabetes, which may have led to autonomic cardiac neurop-

athy, individual HRV responses to exercise may be very diverse. Al-

though cardiac autonomic responses to acute RE indicate a consistent 

response defined as cardiac autonomic imbalance, independent of indi-

vidual variation [2], it is not yet known how ERE will lead to changes in 

post-exercise cardiac autonomic control. Thus, only college-aged men 

were selected as an experimental population in the present study to 

eliminate elements that can influence cardiac autonomic responses after 

acute ERE. Since we investigated the changes in HRV indices after ERE, 

the results cannot be generalized to explain post-exercise cardiac auto-

nomic responses to acute RE using different modalities. However, several 

studies have already demonstrated how traditional RE affects the CAR 

after exercise [2,26]. Consequently, the current study expanded our un-

derstanding of ERE, as it revealed that acute ERE compared to traditional 

RE can lead to cardiac autonomic imbalance persisting for a long time 

after exercise.
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