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บาดเจ็บตอกลามเนื้อ ภายหลังการออกกําลังกายแบบนี้ การบาดเจ็บของกลามเนื้อมีสวนทําใหเกิด
การลดลงของแรง อยางไรก็ตาม การลดลงของกระแสประสาทก็มีสวนอยางมากเชนกัน งานวิจัยน้ี
มีวัตถุประสงคคือเพ่ือประเมินวาการออกกําลังกายที่ระดับเบา ปานกลาง และหนกัในเซตแรก มีผล
ตอการลดลงของแรงจากการออกกําลังกายในเซตที่สองอยางไร และประเมินกลไกที่เกี่ยวของวา
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สุขภาพดี 30 คน ถูกจัดใหเขากลุมเพ่ือไมใหเกิดความแตกตางของระดับแรงสูงสุด โดยแบงกลุม
ออกเปน 3 กลุมๆ ละ 10 คน อาสาสมัครออกกําลังกายของกลุมกลามเนื้องอขอศอก โดยให
กลามเนื้อทํางานแบบยืดยาวออก 30 ครั้ง ที่ระดับความหนัก 10%, 20% และ 40% ของแรงสูงสุด
ในเซตแรก  จากนั้น 2 สัปดาห ทุกกลุมทําการออกกําลังกายซ้ํา ที่ระดับความหนกั 40% ของแรง
สูงสุด วัดระดับแรงสูงสุด ระดับพลังประสาท และแรงกระตุกขณะพกั โดยวัดกอนและทันทีหลงัการ
ออกกําลังกาย วันที่ 1 และ 4 หลังการออกกําลังกายในเซตที่ 1 และ 2 ผลการศึกษาพบวาหลังการ
ออกกําลังกายเซตแรก ทั้งสามกลุมมีการลดลงอยางมีนัยสําตัญทางสถิติของแรงสูงสุด ระดับ
พลังประสาท และแรงกระตุกขณะพัก ทันทีหลังการออกกําลังกายเซตที่ 2 ทั้งสามตัวแปรของทั้ง
สามกลุมไมมีความแตกตางกัน อยางไรก็ตามวันที ่ 1 และ 4 หลงัการออกกําลังกาย กลุมทีอ่อก
กําลังกายระดับหนัก มีการฟนตัวของแรงดีกวากลุมอ่ืนๆ แสดงใหเห็นวาเปนผลจากการลดการ
บาดเจ็บของการออกกําลังกายซ้ํา การฟนตัวของแรงที่ดีขึ้นน้ีสอดคลองกับการเปลี่ยนแปลงของ
ระดับพลังประสาท แสดงใหเห็นวาเกิดการปรับตวัของระบบประสาทในชวงแรก ในขณะทีแ่รง
กระตุกขณะพกัของกลุมที่ออกกําลังกายระดับหนัก แตกตางจากลุมอ่ืนๆ ในวันที่ 4 แสดงใหเห็นวา
มีการปรับตวัของระบบกลามเน้ือ สรุปการฟนตัวของแรงจากการออกกําลังกายแบบกลามเนือ้ยืด
ยาวออกซ้ําในชวงแรกเปนผลจากการปรับตัวของระบบประสาท  และจากนั้นเปนผลการปรับตวั
ของระบบกลามเน้ือรวมดวย  

คําหลัก: การบาดเจ็บของกลามเนื้อ, การออกกําลังกายซ้ํา, การออกกําลังกายแบบกลามเนื้อยดื
ยาวออก
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ABSTRACT 

Project Code:   MRG5280246 
Project Title:  How do the low, moderate and high loads of eccentric exercises 

affect muscular damage and neural changes against high load 
eccentric exercise? 

Investigators: Orawan Prasartwuth and colleagues 
E-mail Address: oprasa@chiangmai.ac.th 
Project Period: 2 years 

Repeated bout effect (RBE) is known as a protective way to reduce the eccentric 
damaging exercise.  After eccentric exercise (ECC), muscle damage reduces maximal 
voluntary force; however, impaired neural drive to the muscle has also primarily 
contributed.  We aimed to investigate whether three sub-maximal loads could contribute 
differently to force loss in the repeated bout effect and to clarify the underlying 
mechanisms in term of neural and muscular adaptations.  Thirty healthy subjects were 
selectively placed into three groups to match for maximal voluntary contraction (MVC) (n 
= 10 per group), performing 30 eccentric actions of the elbow flexors of 10%, 20% and 
40% of MVC for ECC1, followed 2 weeks later by a similar exercise (ECC2) that used 
40%MVC load.  MVC, voluntary activation and resting twitch were measured before, 
immediately, day 1 and day 4 after exercise following ECC1 and ECC2.  The results 
showed that for the first eccentric bout, MVC, voluntary activation and the resting twitch 
were significant (p< 0.0001) interaction (group x time).  Following the second eccentric 
bout immediately after exercise, there were no significant (group x time) interaction in all 
outcome variables.  However, at day 1 and 4, only high-load group demonstrated 
significantly (p< 0.01) greater improvement in maximal voluntary force compared with the 
first high-load eccentric bout, indicating greater recovery in force generating capacity as 
RBE. This force recovery at day 1 and 4 corresponded with a significant (p< 0.01) 
improvement in voluntary activation, indicating better the level of neural drive to the 
muscle or neural adaptations in the early stage.  In contrast, the resting twitch in high-
load group demonstrated a significant (p< 0.01) improvement only at day 4, suggesting 
muscular adaptations.  In conclusion, greater force recovery in the second eccentric 
damaging exercise at day 1 and 4 measured in high-load group could primarily be the 
neural adaptations.  There is a contribution of muscular adaptations at day 4 as well.  

Keywords: Muscle damage, Repeated bout effect, Eccentric exercise 
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เน้ือหางานวจิัย 

Introduction  

High force eccentric exercise induces prolonged and marked muscle fatigue in 

unfamiliar persons.  Immediately after exercise, muscle becomes stiffness causing 

limitation in joint range of motion.  Muscle soreness also pronounced lately at day 1-2 (1-

6).  These changes have well-investigated demonstrating cellular and muscular changes 

(7).  For cellular changes, an increase in muscle-specific proteins in the blood e.g. 

creatine kinase or myoglobin indicated damages in muscle fibers(8). These damages can 

also be visualized by electron microscopy, ultrasound and magnetic resonance imaging 

illustrating disruption in contractile apparatus (9-13).  Connective tissues (perimysium or 

endomysium) could also be damaged, illustrating an increase in urine hydroxyproline (14) 

and serum type I collagen concentration (15).  However, researches in the contribution of 

neural control are limited and the results remain controversial.  With tetanic stimulation, 

there were no increases in the superimposed twitch elicited by elbow flexors during 

maximal effort (16).  In contrast, single pulse stimulation confirmed a reduction in 

voluntary action or an impaired neural drive to the muscle (6, 17).  This discrepancy 

might be related to technical sensitivity using tetanic and single twitch stimulation.  

Therefore, underlying mechanisms in force deficit could be primarily attributed to neural 

and secondarily to muscular contribution.   

Once performed exercise again or repeated bout exercise, it could reduce 

prolonged and marked force loss, muscle stiffness and muscle soreness (1, 18, 19).  

These improvements are referred as the protective adaptation or repeated bout effect 
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(RBE) (20).  Similar to the first bout, the cellular and muscular adaptations are well-

documented involving blunted inflammatory responses (21, 22), addition of series 

sarcomeres (23-26) and rightward shift in length-tension curve (17, 27, 28).  On the other 

hand, limited evidence supports the neural adaptations in RBE.  Even in resistance 

training, any improvement in muscle force which could not be explained by changes in 

muscle size has been addressed to neural adaptations.  In addition, changes in cross-

training to contralateral muscles (29-34) have been used to confirm neural adaptations.  

For the repeated bout effect, contralateral eccentric training appeared predominantly 

indicating neural adaptations (35).    

Several lines of the evidence for neural adaptations in RBE have been drawn 

from surface electromyography (EMG) recording.  During the second bout of eccentric 

contractions, a decrease in the median frequency of EMG activity was found indicating an 

increased activation of slow motor unit and a concomitant decrease in activation of fast 

units (36, 37).  However, the questions for methodological reasons (38-40), have been 

addressed as a result of motor unit synchronization (7) and signal cancellation (41).  

Therefore, another possible way to identify neural adaptations includes changes in the 

pattern of neural activity associated with motor drive.  Adaptive modifications in neural 

circuits could involve either in descending command at the motor cortex or in the final 

neural drive to the muscle at the spinal cord.  Even though no previous research reported 

these modifications as a result of RBE, resistance training consisting concentric and 

eccentric muscle actions could alter the functional properties of spinal circuitry, but less 

affect the organization of the motor cortex (42).  With eccentric muscle actions, there is 
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an evidence of lower excitability of the corticospinal tract (43).  By defining the possible 

sites, we firstly need to confirm whether there is neural adaptation in RBE or not.  

As limited research has been conducted to reveal the neural adaptations in RBE, 

therefore the underlying mechanisms regarding to neural adaptations to RBE is still 

unclear.  Recently, a research has reported no neural adaptations in RBE in the knee 

extensors by using tetanic electrical stimulation (44).  However, base on our previous 

research of the first eccentric bout, neural contribution primarily plays an important role.  

Therefore, further researches are still needed and the knowledge will add our 

understanding in neural adaptations of RBE.  Our first aim was to investigate whether 

RBE is the neural contribution or not. We hypothesized that neural adaptations could be 

identified with an improvement in voluntary activation in the RBE.    

In addition, the magnitude of RBE does not appear to depend on the number of 

eccentric contractions, but depends on the magnitude of load in the first bout.  For 

example, Chen et al 2009 reported that the magnitude of the repeated bout effect was 

smaller for 40% or 60% MVC load than 80% or 100% MVC load.  In contrast, a recent 

study has shown that submaximal eccentric exercise (40% MVC load) conferred the 

same magnitude of RBE as that produced by one maximal eccentric exercise bout.  

Although it seems likely that the different loads in the initial bout of eccentric exercise 

could attribute to minimize the magnitude of muscle damage, we still do not know that 

low-, moderate- or high-load could be recommended to use as the best repeated bout 

effect.  Revealing this information could be benefit to injury prevention in athletes during 

training, competition and rehabilitation.  Therefore, this study was also designed to 
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investigate whether the three different levels of eccentric load in the first bout could 

confer the different changes in RBE.  Our second aim was to determine whether the low-, 

moderate- or high-load of the initial eccentric exercise could affect to the degree of 

subsequent protection effect.  We hypothesized that high-load of the initial eccentric 

exercise could confer the best RBE. 
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Methods 

Subjects and study design 

Thirty healthy volunteers who had not performed regular resistance training gave 

written informed consent. Subjects were selectively placed into one of three groups (n = 

10 per group) based on the baseline maximal voluntary isometric contraction torque 

(MVC) of the elbow flexors at an elbow joint angle 900.  The groups were performed; low-

load at 10%ECC, moderate-load at 20%ECC and high-load at 40%ECC as explained 

below, and all groups had similar mean baseline MVC, with no significant differences in 

age, height or body mass across groups (Table 1).  All subjects were asked to refrain 

from unaccustomed exercise or vigorous physical activity for at least 6 months before the 

experiment and to not to take any anti-inflammatory drugs or nutritional supplements 

during the experimental period.  All subjects performed the second bout at the same 

high-load (40%ECC) of elbow flexor eccentric exercise with the same arm separated by 2 

weeks.  A number of measurements were taken before, immediately after, 1 and 4 days 

after eccentric exercise for the first and second bouts. The main dependent variables 

include MVC, voluntary activation, resting twitch, elbow angles and degree of muscle 

soreness. 

Eccentric exercise 

All subjects performed the first eccentric exercise (ECC1) of the elbow flexors with 

the non-dominant arm using a dumbbell adjusted to either 10%, 20% or 40% of 

individual’s MVC at an elbow angle of 900 (Figure 1).  The subjects were instructed to 

lower the dumbbell from an elbow flexed ~900 to an elbow extended position (00) in 4-5 
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second, keeping the velocity as constant as possible by following the examiner’s counting 

“start” and “1, 2, 3, 4 and 5” for the movement.  After each eccentric contraction, the 

examiner lifted the load up while subjects relaxed and the arm was passively returned to 

the starting position.  The exercise consisted of 3 sets 10 repetitions with a 2-minute rest 

between sets. 

 

Figure 1 Subject performed eccentric exercise using dumbbell. 
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Two weeks after ECC1, all subjects performed the second eccentric exercise bout 

(ECC2) with the same arm using a dumbbell adjusted to 40% of individual’s MVC at an 

elbow angle of 90º. The exercise protocol for ECC2 was the identical to that of ECC1 

(Figure 2-4). 

Group I: Low load of eccentric exercise 

 

 

 

         Pre       Post           Pre          Post              Day 1                            Day 4 
                ECC1                                                 ECC2 

Figure 2 Schematic drawing represents low load group of eccentric exercise (group I). 
Low load was set at 10% of maximal voluntary isometric contraction for the first bout of 

eccentric exercise and high load was set at 40% of maximal voluntary isometric 
contraction for the second bout. 

Group II: Moderate load of eccentric exercise 

 

 

          
    Pre       Post           Pre            Post            Day 1                        Day 4 
             ECC1                                                               ECC2 

Figure 3 Schematic drawing represents moderate load group of eccentric exercise (group 
II). Moderate load was set at 20% of maximal voluntary isometric contraction for the first 
bout of eccentric exercise and high load was set at 40% of maximal voluntary isometric 

contraction for the second bout. 

 

40% eccentric load 
20% eccentric load 

2 weeks 

40% eccentric load 

10% eccentric load 

2 weeks 
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Group III: High load of eccentric exercise 

 

 

 
      Pre       Post           Pre          Post             Day 1                         Day 4 
             ECC1                                                               ECC2 

Figure 4 Schematic drawing represents high load group of eccentric exercise (group III). 
High load was set at 40% of maximal voluntary isometric contraction for both bouts of 

eccentric exercise. 

 

Motor nerve stimulation   

 For stimulation of the motor nerve, single electrical stimuli (100 μs duration, 

constant current, DS7, Digitimer) (Figure 5) were delivered to intramuscular nerve fibres 

innervating biceps brachii via a surface cathode located midway between the anterior 

edge of the deltoid and the elbow crease and a surface anode positioned over the distal 

biceps tendon (Figure 6).  The stimulation intensity was set at 10% above the level 

required to produce a resting twitch of maximal amplitude.  The stimulus intensity was set 

at each measurement session.  The sites of stimulation were marked on the skin to 

ensure consistent placement throughout the 3 testing sessions. 

 

 

40% eccentric load 40% eccentric load 

2 weeks 
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Figure 5 Peripheral Electrical Stimulator “Digitimer DS7”  

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Electrode position to stimulate intramuscular nerve fibres innervating biceps 

brachii 
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Dependent variables 

MVC 

Subjects sat with the arm in an arm bar attached with a force gauge (2KN, A&D 

CO, Ltd, Japan) connected to a digital recorder (Figure 6). This arm bar was used to 

measure maximal isometric flexion torque at 90 degree of elbow flexion. Three 

measurements of maximal effort were made and the maximal value was chose to be a 

peak torque. Verbal encouragement was provided during MVC measurements.  

Voluntary activation and resting twitch 

During the electrical stimulation of the motor nerve, any increment in elbow flexion 

torque evoked during a MVC (“superimposed twitch”) was expressed as a fraction of the 

amplitude of the maximal response evoked by the same stimulus in the relaxed muscle 

immediately after an MVC (“resting twitch”) (Figure 7).  Voluntary activation was then 

quantified as a percentage using the formula (45): 

Voluntary activation (%) = (1-superimposed twitch/resting twitch) x 100 
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Figure 7 Typical traces from one subject of the resting twitch (longer twitch) and 

superimposed twitch (shorter twitch) evoked by motor nerve stimulation  

 

Elbow joint angle and range of motion  

Elbow angle was measured in three different positions: relaxed (RANG), full 

flexed (FANG) and full extended (EANG).  Subjects stood with the arm hanging vertically 

and were asked to relax, fully flex and fully extend at the elbow joint angle for the 

measures.  Two measurements of the angle were taken by using an electrical goniometer 

(Figure 8) and range of motion (ROM) was defined as the angle subtracting the mean 

FANG from the mean EANG. 
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Figure 8 Electrical Goniometer  

 

Muscle soreness  

Degree of muscle soreness was measured in two ways: pressure pain threshold 

(PPT) using a pressure algometer (Figure 9) and pain rating scale using a visual analog 

scale (VAS). For both measurements, subjects sat with the elbow joint at 90º in flexion, 

and assessments were taken from the three marked spots; 5 cm, 8 cm and 11 cm from 

the elbow crease over the biceps brachii.  A pressure algometer with a circular disc (10 

mm-diameter) was applied perpendicular to the skin over the three reference spots to 

measure the force at which subjects reported any discomfort or pain.  A visual analog 

scale consists of a 100-mm continuous line representing “no pain” at one end (0mm) and 

“very, very painful” at the other (100 mm).  Subjects were asked to indicate the soreness 

level on the line when the examiner applied pressure with the algometer at 2 kg. 
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Figure 9 Pressure Algometer  

Statistical analysis  

The results are presented as means ± SD.  Changes in the dependent variable 

over time were compared amongst the groups for the first bout (ECC1) and the second 

bout (ECC2) separately by two-way repeated measures ANOVA.  The ANOVA was 

performed for both raw and normalized data for all variables except for voluntary 

activation.  For the ANOVA using the normalized data, the pre-exercise values (100 for 

MVC, RT, PPT and VAS) were excluded.  The ANOVA also compared between the first 

40% bout performed by the 40-40%ECC group and the second eccentric exercise bout 

performed by all groups in which the 40% load was used. When the ANOVA showed a 

significant interaction (group x time) effect, a Tukey’s HSD test was employed as post 

hoc analysis to locate the time points of significant differences between groups. One-way 

ANOVA were also used to compare between groups for each time.  Statistical 

significance was set at P<0.05. 
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RESULTS 

We hypothesized that the underlying mechanisms of the repeated bout effect 

could be due to the neural adaptations.  To test this hypothesis, the improvements in the 

voluntary activation in the second bout were used to indicate the neural adaptations.  

With the same technique of twitch interpolation, the improvements in the resting twitch 

could also be indicated muscular adaptations.  In addition, we would like to investigate 

whether the different loads of eccentric exercise in the first bout as different stimuli may 

induce different responses of protective effect in the second bout.  To test this research 

question, subjects were chosen into three exercise groups i.e. low-load (10%ECC), 

moderate-load (20%ECC) and high-load (40%ECC) to have a similar baseline MVC.  The 

subject characteristics of each group showed no significant difference in age, height and 

body mass (P>0.05) (Table 1).   

 

Table 1  The anthropometric characteristics of 30 subjects who completed the eccentric 

exercise and 10 subjects for each group (values are mean ± SD)  

 
 Low-load group Moderate-load group High-load group 
Age (yr) 29.0 ± 8.1 25.5 ± 4.5 26.8 ± 4.7 
Weight (Kg) 59.3 ± 13 57.0 ± 11.2 64.7 ± 33.8 
Height (cm) 161.1 ± 9.3 162.9 ± 6.2 150.0 ± 34.8 
Gender (M:F) 2 : 8 3 : 7 2 : 8 
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FIRST ECCENTRIC EXERCISE 

Deficit in force production 

For the first bout of eccentric exercise, with the low- and the moderate-load, the 

maximal voluntary isometric torques decreased by ~7% and ~13% of the pre-exercise 

value immediately after eccentric exercise respectively and recovered back to normal at 

day 4.  In contrast, with the high-load, the maximal voluntary isometric torques decreased 

by ~46% of the pre-exercise value immediately after eccentric exercise.  It only recovered 

to ~76% of the initial value at day 4 (Table 2).  When compared between groups, 

changes in raw and normalized maximal voluntary isometric torque in all groups over time 

(group x time) were significantly (p<0.0001) different.  Post hoc analysis (Tukey’s HSD 

test) found significantly (p<0.0001) different between low- and high-load groups, low- and 

moderate-load groups, and moderate- and high-load groups.   

 

Table 2  Mean values ± SD for isometric maximal voluntary contraction (MVC) at pre-

exercise, post-exercise and day 4 and percentage force loss in the first eccentric bout   

MVC for 1st ECC bout (N) 
Group Pre-exercise Post-exercise % force loss 

immediately 
after 

exercise 

At day 4 % force loss 
at day 4 

Low-load group 167.9 ± 63.8 153.9 ± 53.1 7.12 170.4  ± 55.7 0 
Moderate-load 
group 

170.02 ± 59.4 147.8 ± 54.7 12.76 187.7  ± 80.6 0 

High-load group 155.0 ± 61.8 81.4 ± 31.5 45.61 105.4 ± 35.4 23.75 
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Voluntary activation  

With the low-load, voluntary activation remained the same after the exercise up to 

4 day.  While the moderate-load, voluntary activation slightly decreased by 7% (from 

~99% to ~ 92%) immediately after exercise and returned back to normal at day 4.  With 

the high-load, voluntary activation markedly decreased by 33% (from ~97% to ~64%) 

immediately after exercise and gradually recovered to ~91% at day 4 (Table 8).  When 

compared between groups, changes in voluntary activation in all groups over time (group 

x time) were significantly (P<0.001) different.  There were significantly (p<0.001) different 

between low- and high-load groups, low- and moderate-load groups and moderate- and 

high-load groups.   

 

Table 3 Mean values (± SD) for voluntary activation at pre-exercise, post-exercise and 

day 4 and percentage decrease in the first eccentric bout   

 
 Voluntary activation for 1st ECC bout (%) 

Group Pre-exercise Post-exercise % decrease 
immediately 

after exercise 

At day 4 % decrease 
at day 4 

Low-load group 96.85± 1.87 96.43± 2.73 0 96.76  ± 0.33 0 
Moderate-load 
group 

99.26± 0.84 92.44± 4.79 6.82 98.58 ± 1.20 0.68 

High-load group 96.83± 2.64 64.21± 18.35 32.62 91.92 ± 6.06 4.91 
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Resting twitch  

The resting twitches produced by motor nerve stimulation decreased by ~27%, 

~64% and ~86% of their pre-exercise values with the low-, moderate- and high-load of 

the eccentric exercise respectively.  They then gradually recovered to ~88%, ~73% and 

~50% of their pre-exercise values at day 4 with the low-, moderate- and high-load of the 

eccentric exercise respectively (Table 4).  Changes in the resting twitches in all groups 

over time (group x time) were significantly (p=0.0001) different.  When compared the 

resting twitches between low- and moderate-load group, low- and high-load group, there 

were significantly (p=0.01, p=0.0001 respectively) different.  However, there was no a 

significant (p=0.095) difference between moderate- and high-load group. 

 

Table 4 Mean values (± SD) for the rest twitches at pre-exercise, post-exercise and day 4 

and percentage decrease in the first eccentric bout   

 Resting twitch for 1st ECC bout (N) 
Group Pre-exercise Post-exercise % force loss 

immediately 
after exercise 

At day 4 % force 
loss at day 

4 
Low-load group 12.12 ± 6.21 8.80 ± 4.27 26.7 10.66  ± 4.71 12.05 
Moderate-load 
group 

12.36 ± 3.14 4.41 ± 1.80 63.91 8.73  ± 1.77 26.55 

High-load group 12.97 ± 6.26 1.98 ± 2.40 85.68 6.40 ± 4.74 49.88 
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SECOND ECCENTRIC EXERCISE  

Deficit in force production  

For the second bout of eccentric exercise, each group performed the eccentric 

exercise with the same high-load (40%MVC).  Immediately after the exercise, the 

maximal voluntary isometric torques in all groups decreased by ~38-48% of their initial 

values.  At the 4 day, the maximal voluntary isometric torques in low- and moderate-load 

group gradually recovered to ~90% of their pre-exercise values.  Interestingly, the 

maximal voluntary isometric torques in high-load group returned back to normal (Table 5).  

Table 5 Mean values (± SD) for isometric maximal voluntary contraction (MVC) at pre-
exercise, post-exercise and day 4 and percentage force loss in the second eccentric bout 
   

 Resting twitch for 1st ECC bout (N) 
Group Pre-exercise Post-exercise % force loss 

immediately 
after exercise 

At day 4 % force 
loss at day 

4 
Low-load group 171.3 ± 57.7 99.3 ± 28.2 39.06 156.9  ± 61.2 8.29 
Moderate-load 
group 

194.1 ± 84.0 101.6 ± 46.0 47.70 172.8  ± 75.9 10.94 

High-load group 145.6 ± 50.4 90.9 ± 39.2 37.99 146.8 ± 51.2 0 

 

Comparison of MVC between all groups in 2nd bout and high-load group in 1st bout as 
baseline 

With repeated measures ANOVA, the normalized data showed a significant main 

effect for time (F=145.723, p=0.0001).  Comparison between groups, there were also 

significant differences (F=3.885, p=0.017). There was also a significant interaction effect 

(group x time) (F=3.250, p=0.007).  One-way ANOVA found significant differences 
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between high-load group and the baseline (the first bout of ECC exercise) at day 1 and 4 

(p=0.014, p=0.003, respectively) (Figure 10). 
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Figure 10 Comparison between the first and second eccentric bout, performed 2 weeks 
apart in three different loads (low-, moderate- and high-load).  Top panel represents 
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changes in MVC.  Middle panel represents changes in voluntary activation.  Lower panel 
represents changes in the resting twitch. 

 
Voluntary activation  

For the second bout of the eccentric exercise, all groups showed the similar 

changes and recovery patterns as the exercise load was equal for each group 

(40%MVC).  Voluntary activation dropped in the similar amount after exercise (~70-80%). 

At day 4, all groups recovered back to pre-exercise value (~96%) (Table 6). 

Table 6 Mean values (± SD) for voluntary activation at pre-exercise, post-exercise and 

day 4 and percentage decrease in the second eccentric bout   

 Voluntary activation for 1st ECC bout (%) 
Group Pre-exercise Post-exercise % decrease 

immediately 
after exercise 

At day 4 % decrease 
at day 4 

Low-load group 96.60 ± 2.49 78.56 ± 14.73 19 96.50 ± 1.49 0 
Moderate-load 
group 

96.85 ± 1.83 71.56 ± 23.08 26 96.04 ± 3.08 0 

High-load group 96.75 ± 3.64 76.70 ± 22.46 21 97.88 ± 1.26 0 

 

Comparison of voluntary activation between all groups in 2nd bout and high-load 

group in 1st bout as baseline 

With repeated measures ANOVA, the voluntary activation showed a significant 

main effect for time (F=40.99, p=0.0001). Comparison between groups, there were no 

significant differences (F=2.313, p=0.093). There was also no significant interaction effect 

(group x time) (F=0.638, p=0.762).  With this absence of a significant interaction effect, 
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one-way ANOVA was applied and revealed that there were significant differences 

between high-load group and the baseline at day 1 and 4  (Figure 1). 

Resting twitch 

Similar to the voluntary activation, all three groups showed similar changes after 

exercise and similar recovery rate. With normalized data, the resting twitches decreased 

by ~81% (from 100 to 19%) after exercise and return back by ~ 26% (from 100 to 74%) 

at day 4 (Table 7).  

Table 7 Mean values (± SD) for the resting twitches at pre-exercise, post-exercise and 

day 4 and percentage decrease in the second eccentric bout   

 Resting twitch for 1st ECC bout (N) 
Group Pre-exercise Post-exercise % force loss 

immediately 
after exercise 

At day 4 % force 
loss at day 

4 
Low-load group 13.71 ± 8.11 2.31 ± 2.09 83 10.79 ± 6.35 21 
Moderate-load 
group 

12.22 ± 4.35 1.69 ± 1.15 86 8.11 ± 3.07 34 

High-load group 13.34 ± 5.64 3.37 ± 4.32 74 10.45 ± 4.36 22 

 

Comparison of the resting twitches between all groups in 2nd bout and high-load 

group 1st bout as baseline  

With repeated measures ANOVA, the raw and normalized data showed a 

significant main effect for time (F=117.27, p=0.0001). Comparison between groups, there 

were no significant differences (F=1.103, p=0.367). There was also no significant 
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interaction effect (group x time) (F=0.756, p=0.526).  With this absence of a significant 

interaction effect, one-way ANOVA was applied and revealed that there was only a 

significant difference between high-load group and the baseline at day 4 (Figure 1).   

Changes in elbow joint angle and pain measurement 

No interaction (group x time) in changes in elbow joint angle in flexed position, 

extended position, relax position and range of motion as well as changes in muscle 

soreness measured by VAS and PPT were found among all three groups.  When 

compared with the baseline (1st bout), only changes in elbow joint angle in flexed position 

and range of motion showed time and group interaction (F=2.264, p=0.048, F=2.576, 

p=0.027 respectively).  Post Hoc analysis found significantly (p=0.04) only in changes in 

flexed angle between low-load group and baseline. 
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DISCUSSION 

Our main purposes of this study were to determine whether the underlying 

mechanisms of RBE could be related to neural adaptations and to investigate whether 

three different loads could confer different protective effects.  This study has illustrated 

that with the second eccentric bout, maximal isometric force (MVCs) demonstrated 

significant interaction effect (Group x Time) in the high-load eccentric group.  One-way 

ANOVA revealed at day 1 and 4, MVCs in high-load eccentric group were significant 

recovery compared to the baseline (First high-load bout of eccentric exercise).  Therefore, 

RBE in this study was not an improvement of force generating capacity immediately after 

exercise.  Our exercise protocol failed to produce this protective effect immediately after 

exercise but confirmed better force recovery.  Our results were in the same line with 

previous studies (44, 46, 47).   

MVC, RT and VA for the first eccentric bout  

Low-, moderate- and high-load of eccentric exercise caused the decreases in 

maximal isometric forces by ~7%, ~13% and ~46% of their pre-exercise values, 

respectively.  With low- and moderate-load of exercise, maximal isometric forces were 

recovery back to normal at day 4, whereas with high-load exercise, it still remained at 

~76% of the initial value.   

Corresponding with force loss, the amplitude of the resting twitches decreased by 

~27%, ~64% and ~86% of their pre-exercise values for low-, moderate- and high-load of 

exercise, respectively.  These changes in the resting twitch in high-load exercise were 

found in the same line with previous studies (6, 17).  Using the same twitch interpolation 
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technique to assess the resting twitch, force loss by ~35-40% was associated with the 

decrease in the resting twitch by ~70-85%.  However, with different frequency i.e. tetanic 

stimulation, force loss by ~42% was associated with the decrease in the resting twitch by 

~44% (44).  Less decrease in the resting twitch from tetanic stimulation could be due to 

an alteration of the relationship between local intracellular Ca++ and force (48, 49) and 

possibly relate to low- and high-frequency fatigue (50).   

With voluntary activation, force loss by ~7%, ~13% and ~46% corresponded with 

0%, ~7% and ~33% loss of level of neural drive for low-, moderate- and high-load of 

eccentric exercise respectively.  These results suggested that impairments in voluntary 

activation played a role in moderate- and high-load of exercise.  With high-load of 

exercise, previous work (6) found similar finding, however, other recent research reported 

different results (44).  Impaired voluntary activation found after eccentric exercise in elbow 

flexors at 900 up to day 1 (6).  In contrast, Kamandulis et al 2010 (44) reported that 

voluntary activation remained the same at the pre-exercise (~94%) up to day 1 in knee 

extensors at the same angle.  The discrepancy results need to be mentioned and 

interpreted with cautions.  Possible explanation might be related to different types of 

stimuli (single and tetanic stimulation).  Recruitment of synergist muscles might involve 

with tetanic stimulation and blind the impaired voluntary activation.  

In this study, when force recovery especially with low- and moderate-load of 

exercise at day 4 returned back to pre-exercise, voluntary activation also returned back to 

pre-exercise.  With high-load of exercise, maximal force remained at ~76% of the pre-

exercise value at day 4, voluntary activation remained at ~92%.  Changes in maximal 

force corresponded with changes in voluntary activation, suggesting the contribution of 
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neural drive could be responsible.  Therefore, the contribution of voluntary activation 

could potentially prevent further injury to muscles. 

MVC, RT and VA in the second eccentric bout compared to the first bout as the 

baseline 

When performed high-load of eccentric exercise in the subsequent bout, force 

deficits immediately after exercise were the same in all three loads of eccentric exercise 

compared to the baseline.  Our results were in the same line with previous studies (8, 19, 

44, 46, 47, 51, 52).  These findings suggested no protective effect from all different loads 

in the first bout on maximal isometric forces immediately after exercise.  Force deficits 

depend primarily on the extent of performed current load but they do not use any benefits 

of previous experiences.  Therefore, force deficits could primarily be load-dependent.  

However, an enhanced recovery of force at day 1 and 4 found especially only in high-

load of eccentric exercise.  As mentioned before, in the first bout, an improved neural 

drive was attributed to force recovery in high-load of eccentric exercise, this finding might 

indirectly imply that a better in force recovery in the second bout in high-load of exercise 

could also attribute to neural adaptations.   

In addition, direct comparisons between the second bout of all three different 

loads and the baseline from the high-load of the first eccentric bout were applied to 

reveal neural (Voluntary activation) or muscular (Resting twitch) adaptations.  At day 1, 

maximal force significantly recovered from ~60% to ~80% of pre-exercise while voluntary 

activation significantly improved from ~76% to ~93%.  At day 4, maximal force 

significantly recovered back to pre-exercise while voluntary activation also recovered back 
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to pre-exercise whereas the resting twitch was still significantly depressed at ~78% of 

pre-exercise.  With high-load of exercise, voluntary activation revealed significant 

recovery compared to the baseline at day 1 and 4 whereas the resting twitch only 

showed significant recovery at day 4.  These important findings suggest that neural 

adaptations could play a primarily role in the protective effect in the early phase of the 

second bout, muscular adaptations then could take a responsible coupling with neural 

adaptations in force recovery.   Only one recent study (44) investigated changes in 

voluntary activation and reported the opposite findings.  This discrepancy could be 

different technique used as in our research, we used single twitch whereas in other 

previous study, they used tetanic stimuli, as well as different calculations to assess neural 

contribution, we used voluntary activation but they used central activation ratio (CAR) and 

voluntary activation.  Interesting observation, using their CAR and VA, even in the first 

eccentric bout there were no significant changes in CAR and VA for knee angles at 900 

(compared to our study for elbow angles at 900), suggesting no neural adaptations.  

Thus, in the second bout, there is not surprising that the repeated bout is not associated 

with changes in voluntary activation.         

Our possible explanations of neural adaptations could be that as our high-load of 

exercise in unaccustomed eccentric actions involves preferably fast-twitch motor units.  

As fast-twitch motor units recover faster than slow-twitch motor units, when performed the 

repeated high-load of exercise bout, greater and faster recovery occurred predominantly 

in high-load group (Warren et al 2000).  The underlying mechanisms could involve 

recruitment strategy and/or modulation of firing rates.  Another possible explanation might 

be that level of neural drive or voluntary activation at pre-exercise of high-load eccentric 
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exercise especially in the second bout did not fully activate (~96%), therefore it is 

possible that reserve or inactive motor units could be recruited to have a better and faster 

force recovery.  Similarly, incomplete voluntary activation (~93%) at pre-exercise in the 

second eccentric bout was found in a recent research (44) although the different 

techniques (Single pulse VS Tetanic stimulation) were used and different sites (Elbow 

flexors VS Knee extensors).  Taken together both possible explanations might be related 

to learning process in brain.  This process could influence to the response of 

motoneurons via altering descending drive from motor cortex.  Changes from feedback 

inputs (i.e. muscle soreness, joint stiffness) could also influence as a fine tune (39).   

Moreover, the alterations in intrinsic motoneuron properties could affect to synaptic inputs 

(53).  In this study, we actually could not prove that neural adaptations depend on the 

influence at motor cortex and /or at spinal control.  Although, there is a limited research 

supporting in this notion, direct evidence investigated by transcranial magnetic stimulation 

and electrical brain stimulation during eccentric muscle contractions in elbow flexors 

showed depressed corticospinal neuron excitability which then could set or tune 

motoneurone excitability (43, 54).  As cortical excitability generated by high force task 

might attribute to increase performance gains compared to controls (55).  Indirect 

investigations in resistance training (both concentric and eccentric muscle contractions) 

reveal that the site of neural adaptation might be in spinal circuitry whereas the 

contribution of motor cortex might be small (29, 42). Similar findings found that neural 

adaptations may make the greatest contribution during the early stages of a high-

resistance strength training program (56).  In addition, during ballistic (fast speed) motor 

performance, the contralateral motor cortex contributes to the initial improvements (55, 
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57, 58).  These results suggest adaptations in the untrained motor cortex contribute to 

the early retention of ballistic performance gains for the untrained limb.  Therefore, 

crossed adaptations are associated with the extensive bilateral cortical activity generated 

by unilateral high-force task (55, 57, 58).   

In summary, this is the first investigation to demonstrate neural adaptations in 

repeated bout effect of eccentric exercise at the early phase (day 1 and 4).  Muscular 

adaptations also reported jointly at day 4.  

Clinical implications 

RBE is important because it could be used as a potential ways of protecting 

athletes against muscle injuries.  It also has some benefits for other clinical conditions in 

patients. 
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ABSTRACT 
 

Repeated bout effect (RBE) is known as a protective way to reduce the eccentric 

damaging exercise.  After eccentric exercise, muscle damage reduces maximal voluntary 

force; however, impaired neural drive to the muscle has also primarily contributed.  To 

determine the underlying mechanisms of the repeated bout effect, voluntary activation 

was assessed to identify the neural adaptations while the resting twitch was used to 

indicate the muscular adaptations. We also aimed to investigate whether three different 

loads could differently confer the RBE.  Thirty healthy subjects were selectively allocated 

into 3 groups (low-, moderate- and high-load group) to match for maximal voluntary 

contraction (MVC) (n = 10 per group).  Subjects in each group performed 3 sets of 10 

eccentric actions of the elbow flexors at 10%, 20% and 40% of MVC for the first eccentric 

bout (ECC1) respectively, followed 2 weeks later by a similar high-load eccentric exercise 

at 40% of MVC for the second eccentric bout (ECC2).  Maximal voluntary force, voluntary 

activation, the resting twitch, changes in the elbow angle and pain sensation were 

measured before, immediately, day 1 and day 4 after exercise following ECC1 and 

ECC2.  The results showed that for the first eccentric bout, MVC, voluntary activation and 

the resting twitch were significant (p< 0.0001) interaction (group x time).  Following the 

second eccentric bout immediately after exercise, there were no significant (group x time) 

interaction in all outcome variables.  However, at day 1 and 4, only high-load group 

demonstrated significantly (p< 0.01) greater improvement in maximal voluntary force 

compared with the first high-load eccentric bout, indicating greater recovery in force 

generating capacity as RBE. This force recovery at day 1 and 4 corresponded with a 

significant (p< 0.01) improvement in voluntary activation, indicating better the level of 



‐ 42 ‐ 
 

neural drive to the muscle or neural adaptations in the early stage.  In contrast, the 

resting twitch in high-load group demonstrated a significant (p< 0.01) improvement only at 

day 4, suggesting muscular adaptations.  In conclusion, greater force recovery in the 

second eccentric damaging exercise at day 1 and 4 measured in high-load group could 

primarily be the neural adaptations.  There is a contribution of muscular adaptations at 

day 4 as well.   



‐ 43 ‐ 
 

 
INTRODUCTION 

High force eccentric exercise induces prolonged and marked muscle fatigue in 

unfamiliar persons.  Immediately after exercise, muscle becomes stiffness causing 

limitation in joint range of motion.  Muscle soreness also pronounced lately at day 1-2 (1-

6).  These changes have well-investigated demonstrating cellular and muscular changes 

(7).  For cellular changes, an increase in muscle-specific proteins in the blood e.g. 

creatine kinase or myoglobin indicated damages in muscle fibers(8). These damages can 

also be visualized by electron microscopy, ultrasound and magnetic resonance imaging 

illustrating disruption in contractile apparatus (9-13).  Connective tissues (perimysium or 

endomysium) could also be damaged, illustrating an increase in urine hydroxyproline (14) 

and serum type I collagen concentration (15).  However, researches in the contribution of 

neural control are limited and the results remain controversial.  With tetanic stimulation, 

there were no increases in the superimposed twitch elicited by elbow flexors during 

maximal effort (16).  In contrast, single pulse stimulation confirmed a reduction in 

voluntary action or an impaired neural drive to the muscle (6, 17).  This discrepancy 

might be related to technical sensitivity using tetanic and single twitch stimulation.  

Therefore, underlying mechanisms in force deficit could be primarily attributed to neural 

and secondarily to muscular contribution.   

Once performed exercise again or repeated bout exercise, it could reduce 

prolonged and marked force loss, muscle stiffness and muscle soreness (1, 18, 19).  

These improvements are referred as the protective adaptation or repeated bout effect 

(RBE) (20).  Similar to the first bout, the cellular and muscular adaptations are well-
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documented involving blunted inflammatory responses (21, 22), addition of series 

sarcomeres (23-26) and rightward shift in length-tension curve (17, 27, 28).  On the other 

hand, limited evidence supports the neural adaptations in RBE.  Even in resistance 

training, any improvement in muscle force which could not be explained by changes in 

muscle size has been addressed to neural adaptations.  In addition, changes in cross-

training to contralateral muscles (29-34) have been used to confirm neural adaptations.  

For the repeated bout effect, contralateral eccentric training appeared predominantly 

indicating neural adaptations (35).    

Several lines of the evidence for neural adaptations in RBE have been drawn 

from surface electromyography (EMG) recording.  During the second bout of eccentric 

contractions, a decrease in the median frequency of EMG activity was found indicating an 

increased activation of slow motor unit and a concomitant decrease in activation of fast 

units (36, 37).  However, the questions for methodological reasons (38-40), have been 

addressed as a result of motor unit synchronization (7) and signal cancellation (41).  

Therefore, another possible way to identify neural adaptations includes changes in the 

pattern of neural activity associated with motor drive.  Adaptive modifications in neural 

circuits could involve either in descending command at the motor cortex or in the final 

neural drive to the muscle at the spinal cord.  Even though no previous research reported 

these modifications as a result of RBE, resistance training consisting concentric and 

eccentric muscle actions could alter the functional properties of spinal circuitry, but less 

affect the organization of the motor cortex (42).  With eccentric muscle actions, there is 

an evidence of lower excitability of the corticospinal tract (43).  By defining the possible 

sites, we firstly need to confirm whether there is neural adaptation in RBE or not.  
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As limited research has been conducted to reveal the neural adaptations in RBE, 

therefore the underlying mechanisms regarding to neural adaptations to RBE is still 

unclear.  Recently, a research has reported no neural adaptations in RBE in the knee 

extensors by using tetanic electrical stimulation (44).  However, base on our previous 

research of the first eccentric bout, neural contribution primarily plays an important role.  

Therefore, further researches are still needed and the knowledge will add our 

understanding in neural adaptations of RBE.  Our first aim was to investigate whether 

RBE is the neural contribution or not. We hypothesized that neural adaptations could be 

identified with an improvement in voluntary activation in the RBE.    

In addition, the magnitude of RBE does not appear to depend on the number of 

eccentric contractions, but depends on the magnitude of load in the first bout.  For 

example, Chen et al 2009 reported that the magnitude of the repeated bout effect was 

smaller for 40% or 60% MVC load than 80% or 100% MVC load.  In contrast, a recent 

study has shown that submaximal eccentric exercise (40% MVC load) conferred the 

same magnitude of RBE as that produced by one maximal eccentric exercise bout.  

Although it seems likely that the different loads in the initial bout of eccentric exercise 

could attribute to minimize the magnitude of muscle damage, we still do not know that 

low-, moderate- or high-load could be recommended to use as the best repeated bout 

effect.  Revealing this information could be benefit to injury prevention in athletes during 

training, competition and rehabilitation.  Therefore, this study was also designed to 

investigate whether the three different levels of eccentric load in the first bout could 

confer the different changes in RBE.  Our second aim was to determine whether the low-, 

moderate- or high-load of the initial eccentric exercise could affect to the degree of 
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subsequent protection effect.  We hypothesized that high-load of the initial eccentric 

exercise could confer the best RBE. 
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METHODS 

Subjects and study design 

 Thirty healthy volunteers who had not performed regular resistance training gave 

written informed consent. Subjects were selectively placed into one of three groups (n = 

10 per group) based on the baseline maximal voluntary isometric contraction torque 

(MVC) of the elbow flexors at an elbow joint angle 900.  The groups were performed; low-

load at 10%ECC, moderate-load at 20%ECC and high-load at 40%ECC as explained 

below, and all groups had similar mean baseline MVC, with no significant differences in 

age, height or body mass across groups (Table 1).  All subjects were asked to refrain 

from unaccustomed exercise or vigorous physical activity for at least 6 months before the 

experiment and to not to take any anti-inflammatory drugs or nutritional supplements 

during the experimental period.  All subjects performed the second bout at the same 

high-load (40%ECC) of elbow flexor eccentric exercise with the same arm separated by 2 

weeks.  A number of measurements were taken before, immediately after, 1 and 4 days 

after eccentric exercise for the first and second bouts. The main dependent variables 

include MVC, voluntary activation, resting twitch, elbow angles and degree of muscle 

soreness. 

Eccentric exercise 

 All subjects performed the first eccentric exercise (ECC1) of the elbow flexors with 

the non-dominant arm using a dumbbell adjusted to either 10%, 20% or 40% of 

individual’s MVC at an elbow angle of 900. The subjects were instructed to lower the 

dumbbell from an elbow flexed ~900 to an elbow extended position (00) in 4-5 second, 
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keeping the velocity as constant as possible by following the examiner’s counting “start” 

and “1, 2, 3, 4 and 5” for the movement. After each eccentric contraction, the examiner 

lifted the load up while subjects relaxed and the arm was passively returned to the 

starting position. The exercise consisted of 3 sets 10 repetitions with a 2-minute rest 

between sets. 

 Two weeks after ECC1, all subjects performed the second eccentric exercise bout 

(ECC2) with the same arm using a dumbbell adjusted to 40% of individual’s MVC at an 

elbow angle of 90º. The exercise protocol for ECC2 was the identical to that of ECC1. 

Motor nerve stimulation   

For stimulation of the motor nerve, single electrical stimuli (100 μs duration, constant 

current, DS7, Digitimer) were delivered to intramuscular nerve fibres innervating biceps 

brachii via a surface cathode located midway between the anterior edge of the deltoid 

and the elbow crease and a surface anode positioned over the distal biceps tendon.  The 

stimulation intensity was set at 10% above the level required to produce a resting twitch 

of maximal amplitude.  The stimulus intensity was set at each measurement session.  

The sites of stimulation were marked on the skin to ensure consistent placement 

throughout the 3 testing sessions. 

Dependent variables 

MVC 

Subjects sat with the arm in an arm bar attached with a force gauge (2KN, A&D CO, Ltd, 

Japan) connected to a digital recorder. This arm bar was used to measure maximal 

isometric flexion torque at 90 degree of elbow flexion. Three measurements of maximal 
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effort were made and the maximal value was chose to be a peak torque. Verbal 

encouragement was provided during MVC measurements.  

Voluntary activation and resting twitch 

  During the electrical stimulation of the motor nerve, any increment in elbow flexion 

torque evoked during a MVC   was expressed as a fraction of the amplitude of the 

maximal response evoked  by the same stimulus in the relaxed muscle immediately after 

an MVC (“resting twitch”).  Voluntary activation was then quantified as a percentage using 

the formula (see 45): 

Voluntary activation (%) = (1-superimposed twitch/resting twitch) x 100 

Elbow joint angle and range of motion  

  Elbow angle was measured in three different positions: relaxed (RANG), full 

flexed (FANG) and full extended (EANG).  Subjects stood with the arm hanging vertically 

and were asked to relax, fully flex and fully extend at the elbow joint angle for the 

measures.  The points over the lateral middle point of humerus, over the lateral 

epicondyle, over the radial styloid process and over the middle point between radius and 

ulna were marked on the skin with semi-permanent pen.  Two measurements of the 

angle were taken by using a goniometer and range of motion (ROM) was defined as the 

angle subtracting the mean FANG from the mean EANG. 
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Muscle soreness  

Degree of muscle soreness was measured in two ways: pressure pain threshold 

(PPT) using a pressure algometer and pain rating scale using a visual analog scale 

(VAS). For both measurements, subjects sat with the elbow joint at 90º in flexion, and 

assessments were taken from the three marked spots; 5 cm, 8 cm and 11 cm from the 

elbow crease over the biceps brachii.  A pressure algometer with a circular disc (10 mm-

diameter) was applied perpendicular to the skin over the three reference spots to 

measure the force at which subjects reported any discomfort or pain.  A visual analog 

scale consists of a 100-mm continuous line representing “no pain” at one end (0mm) and 

“very, very painful” at the other (100 mm).  Subjects were asked to indicate the soreness 

level on the line when the examiner applied pressure with the algometer at 2 kg. 

Statistical analysis  

 The results are presented as means ± SD.  Changes in the dependent variable 

over time were compared amongst the groups for the first bout (ECC1) and the second 

bout (ECC2) separately by two-way repeated measures ANOVA.  The ANOVA was 

performed for both raw and normalized data for all variables except for voluntary 

activation.  For the ANOVA using the normalized data, the pre-exercise values (100 for 

MVC, RT, PPT and VAS) were excluded.  The ANOVA also compared between the first 

40% bout performed by the 40-40%ECC group and the second eccentric exercise bout 

performed by all groups in which the 40% load was used. When the ANOVA showed a 

significant interaction (group x time) effect, a Tukey’s HSD test was employed as post 

hoc analysis to locate the time points of significant differences between groups. One-way 
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ANOVA were also used to compare between groups for each time.  Statistical 

significance was set at P<0.05. 
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RESULTS 

We hypothesized that the underlying mechanisms of the repeated bout effect 

could be due to the neural adaptations.  To test this hypothesis, the improvements in the 

voluntary activation in the second bout were used to indicate the neural adaptations.  

With the same technique of twitch interpolation, the improvements in the resting twitch 

could also be indicated muscular adaptations.  In addition, we would like to investigate 

whether the different loads of eccentric exercise in the first bout as different stimuli may 

induce different responses of protective effect in the second bout.  To test this research 

question, subjects were chosen into three exercise groups i.e. low-load (10%ECC), 

moderate-load (20%ECC) and high-load (40%ECC) to have a similar baseline MVC.  The 

subject characteristics of each group showed no significant difference in age, height and 

body mass (P>0.05) (Table 1).   

FIRST ECCENTRIC EXERCISE 

Deficit in force production 

For the first bout of eccentric exercise, with the low- and the moderate-load, the 

maximal voluntary isometric torques decreased by ~7% and ~13% of the pre-exercise 

value immediately after eccentric exercise respectively and recovered back to normal at 

day 4.  In contrast, with the high-load, the maximal voluntary isometric torques decreased 

by ~46% of the pre-exercise value immediately after eccentric exercise.  It only recovered 

to ~76% of the initial value at day 4 (Table 2, Figure 1).  When compared between 

groups, changes in raw and normalized maximal voluntary isometric torque in all groups 
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over time (group x time) were significantly (p<0.0001) different.  Post hoc analysis 

(Tukey’s HSD test) found significantly (p<0.0001) different between low- and high-load 

groups, low- and moderate-load groups, and moderate- and high-load groups.   

Voluntary activation  

With the low-load, voluntary activation remained the same after the exercise up to 

4 day.  While the moderate-load, voluntary activation slightly decreased by 7% (from 

~99% to ~ 92%) immediately after exercise and returned back to normal at day 4.  With 

the high-load, voluntary activation markedly decreased by 33% (from ~97% to ~64%) 

immediately after exercise and gradually recovered to ~91% at day 4 (Table 8, Figure 1).  

When compared between groups, changes in voluntary activation in all groups over time 

(group x time) were significantly (P<0.001) different.  There were significantly (p<0.001) 

different between low- and high-load groups, low- and moderate-load groups and 

moderate- and high-load groups.   

Resting twitch  

The resting twitches produced by motor nerve stimulation decreased by ~27%, 

~64% and ~86% of their pre-exercise values with the low-, moderate- and high-load of 

the eccentric exercise respectively.  They then gradually recovered to ~88%, ~73% and 

~50% of their pre-exercise values at day 4 with the low-, moderate- and high-load of the 

eccentric exercise respectively (Table 4, Figure 1).  Changes in the resting twitches in all 

groups over time (group x time) were significantly (p=0.0001) different.  When compared 

the resting twitches between low- and moderate-load group, low- and high-load group, 
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there were significantly (p=0.01, p=0.0001 respectively) different.  However, there was no 

a significant (p=0.095) difference between moderate- and high-load group. 

SECOND ECCENTRIC EXERCISE  

Deficit in force production  

For the second bout of eccentric exercise, each group performed the eccentric 

exercise with the same high-load (40%MVC).  Immediately after the exercise, the 

maximal voluntary isometric torques in all groups decreased by ~38-48% of their initial 

values.  At the 4 day, the maximal voluntary isometric torques in low- and moderate-load 

group gradually recovered to ~90% of their pre-exercise values.  Interestingly, the 

maximal voluntary isometric torques in high-load group returned back to normal (Table 5, 

Figure 1).  

Comparison of MVC between all groups in 2nd bout and high-load group in 1st bout as 

baseline 

 With repeated measures ANOVA, the normalized data showed a significant main 

effect for time (F=145.723, p=0.0001).  Comparison between groups, there were also 

significant differences (F=3.885, p=0.017). There was also a significant interaction effect 

(group x time) (F=3.250, p=0.007).  One-way ANOVA found significant differences 

between high-load group and the baseline (the first bout of ECC exercise) at day 1 and 4 

(p=0.014, p=0.003, respectively) (Figure 1). 

Voluntary activation  

For the second bout of the eccentric exercise, all groups showed the similar 

changes and recovery patterns as the exercise load was equal for each group 
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(40%MVC).  Voluntary activation dropped in the similar amount after exercise (~70-80%). 

At day 4, all groups recovered back to pre-exercise value (~96%) (Table 6, Figure 1). 

Comparison of voluntary activation between all groups in 2nd bout and high-load 

group in 1st bout as baseline 

With repeated measures ANOVA, the voluntary activation showed a significant 

main effect for time (F=40.99, p=0.0001). Comparison between groups, there were no 

significant differences (F=2.313, p=0.093). There was also no significant interaction effect 

(group x time) (F=0.638, p=0.762).  With this absence of a significant interaction effect, 

one-way ANOVA was applied and revealed that there were significant differences 

between high-load group and the baseline at day 1 and 4  (Figure 1). 

Resting twitch 

Similar to the voluntary activation, all three groups showed similar changes after 

exercise and similar recovery rate. With normalized data, the resting twitches decreased 

by ~81% (from 100 to 19%) after exercise and return back by ~ 26% (from 100 to 74%) 

at day 4 (Table 7, Figure 1).  

Comparison of the resting twitches between all groups in 2nd bout and high-load 

group 1st bout as baseline  

With repeated measures ANOVA, the raw and normalized data showed a 

significant main effect for time (F=117.27, p=0.0001). Comparison between groups, there 

were no significant differences (F=1.103, p=0.367). There was also no significant 
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interaction effect (group x time) (F=0.756, p=0.526).  With this absence of a significant 

interaction effect, one-way ANOVA was applied and revealed that there was only a 

significant difference between high-load group and the baseline at day 4 (Figure 1).   

Changes in elbow joint angle and pain measurement 

 No interaction (group x time) in changes in elbow joint angle in flexed position, 

extended position, relax position and range of motion as well as changes in muscle 

soreness measured by VAS and PPT were found among all three groups.  When 

compared with the baseline (1st bout), only changes in elbow joint angle in flexed position 

and range of motion showed time and group interaction (F=2.264, p=0.048, F=2.576, 

p=0.027 respectively).  Post Hoc analysis found significantly (p=0.04) only in changes in 

flexed angle between low-load group and baseline. 
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DISCUSSION 

Our main purposes of this study were to determine whether the underlying 

mechanisms of RBE could be related to neural adaptations and to investigate whether 

three different loads could confer different protective effects.  This study has illustrated 

that with the second eccentric bout, maximal isometric force (MVCs) demonstrated 

significant interaction effect (Group x Time) in the high-load eccentric group.  One-way 

ANOVA revealed at day 1 and 4, MVCs in high-load eccentric group were significant 

recovery compared to the baseline (First high-load bout of eccentric exercise).  Therefore, 

RBE in this study was not an improvement of force generating capacity immediately after 

exercise.  Our exercise protocol failed to produce this protective effect immediately after 

exercise but confirmed better force recovery.  Our results were in the same line with 

previous studies (44, 46, 47).   

MVC, RT and VA for the first eccentric bout  

 Low-, moderate- and high-load of eccentric exercise caused the decreases in 

maximal isometric forces by ~7%, ~13% and ~46% of their pre-exercise values, 

respectively.  With low- and moderate-load of exercise, maximal isometric forces were 

recovery back to normal at day 4, whereas with high-load exercise, it still remained at 

~76% of the initial value.   

Corresponding with force loss, the amplitude of the resting twitches decreased by 

~27%, ~64% and ~86% of their pre-exercise values for low-, moderate- and high-load of 

exercise, respectively.  These changes in the resting twitch in high-load exercise were 

found in the same line with previous studies (6, 17).  Using the same twitch interpolation 
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technique to assess the resting twitch, force loss by ~35-40% was associated with the 

decrease in the resting twitch by ~70-85%.  However, with different frequency i.e. tetanic 

stimulation, force loss by ~42% was associated with the decrease in the resting twitch by 

~44% (44).  Less decrease in the resting twitch from tetanic stimulation could be due to 

an alteration of the relationship between local intracellular Ca++ and force (48, 49) and 

possibly relate to low- and high-frequency fatigue (50).   

With voluntary activation, force loss by ~7%, ~13% and ~46% corresponded with 

0%, ~7% and ~33% loss of level of neural drive for low-, moderate- and high-load of 

eccentric exercise respectively.  These results suggested that impairments in voluntary 

activation played a role in moderate- and high-load of exercise.  With high-load of 

exercise, previous work (6) found similar finding, however, other recent research reported 

different results (44).  Impaired voluntary activation found after eccentric exercise in elbow 

flexors at 900 up to day 1 (6).  In contrast, Kamandulis et al 2010 (44) reported that 

voluntary activation remained the same at the pre-exercise (~94%) up to day 1 in knee 

extensors at the same angle.  The discrepancy results need to be mentioned and 

interpreted with cautions.  Possible explanation might be related to different types of 

stimuli (single and tetanic stimulation).  Recruitment of synergist muscles might involve 

with tetanic stimulation and blind the impaired voluntary activation.  

In this study, when force recovery especially with low- and moderate-load of 

exercise at day 4 returned back to pre-exercise, voluntary activation also returned back to 

pre-exercise.  With high-load of exercise, maximal force remained at ~76% of the pre-

exercise value at day 4, voluntary activation remained at ~92%.  Changes in maximal 

force corresponded with changes in voluntary activation, suggesting the contribution of 
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neural drive could be responsible.  Therefore, the contribution of voluntary activation 

could potentially prevent further injury to muscles. 

MVC, RT and VA in the second eccentric bout compared to the first bout as the 

baseline 

When performed high-load of eccentric exercise in the subsequent bout, force 

deficits immediately after exercise were the same in all three loads of eccentric exercise 

compared to the baseline.  Our results were in the same line with previous studies (8, 19, 

44, 46, 47, 51, 52).  These findings suggested no protective effect from all different loads 

in the first bout on maximal isometric forces immediately after exercise.  Force deficits 

depend primarily on the extent of performed current load but they do not use any benefits 

of previous experiences.  Therefore, force deficits could primarily be load-dependent.  

However, an enhanced recovery of force at day 1 and 4 found especially only in high-

load of eccentric exercise.  As mentioned before, in the first bout, an improved neural 

drive was attributed to force recovery in high-load of eccentric exercise, this finding might 

indirectly imply that a better in force recovery in the second bout in high-load of exercise 

could also attribute to neural adaptations.   

In addition, direct comparisons between the second bout of all three different 

loads and the baseline from the high-load of the first eccentric bout were applied to 

reveal neural (Voluntary activation) or muscular (Resting twitch) adaptations.  At day 1, 

maximal force significantly recovered from ~60% to ~80% of pre-exercise while voluntary 

activation significantly improved from ~76% to ~93%.  At day 4, maximal force 

significantly recovered back to pre-exercise while voluntary activation also recovered back 
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to pre-exercise whereas the resting twitch was still significantly depressed at ~78% of 

pre-exercise.  With high-load of exercise, voluntary activation revealed significant 

recovery compared to the baseline at day 1 and 4 whereas the resting twitch only 

showed significant recovery at day 4.  These important findings suggest that neural 

adaptations could play a primarily role in the protective effect in the early phase of the 

second bout, muscular adaptations then could take a responsible coupling with neural 

adaptations in force recovery.   Only one recent study (44) investigated changes in 

voluntary activation and reported the opposite findings.  This discrepancy could be 

different technique used as in our research, we used single twitch whereas in other 

previous study, they used tetanic stimuli, as well as different calculations to assess neural 

contribution, we used voluntary activation but they used central activation ratio (CAR) and 

voluntary activation.  Interesting observation, using their CAR and VA, even in the first 

eccentric bout there were no significant changes in CAR and VA for knee angles at 900 

(compared to our study for elbow angles at 900), suggesting no neural adaptations.  

Thus, in the second bout, there is not surprising that the repeated bout is not associated 

with changes in voluntary activation.         

Our possible explanations of neural adaptations could be that as our high-load of 

exercise in unaccustomed eccentric actions involves preferably fast-twitch motor units.  

As fast-twitch motor units recover faster than slow-twitch motor units, when performed the 

repeated high-load of exercise bout, greater and faster recovery occurred predominantly 

in high-load group (Warren et al 2000).  The underlying mechanisms could involve 

recruitment strategy and/or modulation of firing rates.  Another possible explanation might 

be that level of neural drive or voluntary activation at pre-exercise of high-load eccentric 
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exercise especially in the second bout did not fully activate (~96%), therefore it is 

possible that reserve or inactive motor units could be recruited to have a better and faster 

force recovery.  Similarly, incomplete voluntary activation (~93%) at pre-exercise in the 

second eccentric bout was found in a recent research (44) although the different 

techniques (Single pulse VS Tetanic stimulation) were used and different sites (Elbow 

flexors VS Knee extensors).  Taken together both possible explanations might be related 

to learning process in brain.  This process could influence to the response of 

motoneurons via altering descending drive from motor cortex.  Changes from feedback 

inputs (i.e. muscle soreness, joint stiffness) could also influence as a fine tune (39).   

Moreover, the alterations in intrinsic motoneuron properties could affect to synaptic inputs 

(53).  In this study, we actually could not prove that neural adaptations depend on the 

influence at motor cortex and /or at spinal control.  Although, there is a limited research 

supporting in this notion, direct evidence investigated by transcranial magnetic stimulation 

and electrical brain stimulation during eccentric muscle contractions in elbow flexors 

showed depressed corticospinal neuron excitability which then could set or tune 

motoneurone excitability (43, 54).  As cortical excitability generated by high force task 

might attribute to increase performance gains compared to controls (55).  Indirect 

investigations in resistance training (both concentric and eccentric muscle contractions) 

reveal that the site of neural adaptation might be in spinal circuitry whereas the 

contribution of motor cortex might be small (29, 42). Similar findings found that neural 

adaptations may make the greatest contribution during the early stages of a high-

resistance strength training program (56).  In addition, during ballistic (fast speed) motor 

performance, the contralateral motor cortex contributes to the initial improvements (55, 
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57, 58).  These results suggest adaptations in the untrained motor cortex contribute to 

the early retention of ballistic performance gains for the untrained limb.  Therefore, 

crossed adaptations are associated with the extensive bilateral cortical activity generated 

by unilateral high-force task (55, 57, 58).   

 In summary, this is the first investigation to demonstrate neural adaptations in 

repeated bout effect of eccentric exercise at the early phase (day 1 and 4).  Muscular 

adaptations also reported jointly at day 4.  

Clinical implications 

 RBE is important because it could be used as a potential ways of protecting 

athletes against muscle injuries.  It also has some benefits for other clinical conditions in 

patients. 
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Figure legends  
 
Figure 1 Comparison between the first and second eccentric bout, performed 2 weeks 
apart in three different loads (low-, moderate- and high-load).  Top panel represents 
changes in MVC.  Middle panel represents changes in voluntary activation.  Lower panel 
represents changes in the resting twitch.  
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Table legends 
 
Table 6  The anthropometric characteristics of 30 subjects who completed the eccentric 
exercise and 10 subjects for each group (values are mean ± SD)  
 
Table 7  Mean values ± SD for isometric maximal voluntary contraction (MVC) at pre-
exercise, post-exercise and day 4 and percentage force loss in the first eccentric bout   
 
Table 8 Mean values (± SD) for voluntary activation at pre-exercise, post-exercise and 
day 4 and percentage decrease in the first eccentric bout   
 
Table 9 Mean values (± SD) for the rest twitches at pre-exercise, post-exercise and day 4 
and percentage decrease in the first eccentric bout   
 
Table 10 Mean values (± SD) for isometric maximal voluntary contraction (MVC) at pre-
exercise, post-exercise and day 4 and percentage force loss in the second eccentric bout   
 
Table 11  Mean values (± SD) for voluntary activation at pre-exercise, post-exercise and 
day 4 and percentage decrease in the second eccentric bout   
 

Table 12 Mean values (± SD) for the resting twitches at pre-exercise, post-exercise and 
day 4 and percentage decrease in the second eccentric bout   
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Figure 1 
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Table 1 
 
 Low-load group Moderate-load group High-load group 
Age (yr) 29.0 ± 8.1 25.5 ± 4.5 26.8 ± 4.7 
Weight (Kg) 59.3 ± 13 57.0 ± 11.2 64.7 ± 33.8 
Height (cm) 161.1 ± 9.3 162.9 ± 6.2 150.0 ± 34.8 
Gender (M:F) 2 : 8 3 : 7 2 : 8 
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Table 2 
 
 MVC for 1st ECC bout (N) 

Group Pre-exercise 
 

Post-exercise 
 

% force loss 
immediately 

after exercise 

At day 4 
 

% force 
loss at 
day 4 

Low-load 
group 

167.9 ± 63.8 153.9 ± 53.1 7.12 170.4  ± 55.7 0 

Moderate-load 
group 

170.02 ± 59.4 147.8 ± 54.7 12.76 187.7  ± 80.6 0 

High-load 
group 

155.0 ± 61.8 81.4 ± 31.5 45.61 105.4 ± 35.4 23.75 
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Table 3 
 
 Voluntary activation for 1st ECC bout (%) 

Group Pre-exercise 
 

Post-exercise 
 

% decrease 
immediately 

after 
exercise 

At day 4 
 

% 
decrease 
at day 4 

Low-load 
group 

96.85 ± 1.87 96.43± 2.73 0 96.76  ± 0.33 0 

Moderate-load 
group 

99.26± 0.84 92.44± 4.79 6.82 98.58 ± 1.20 0.68 

High-load 
group 

96.83± 2.64 64.21 ± 18.35 32.62 91.92 ± 6.06 4.91 
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Table 4  

 
 Resting twitch for 1st ECC bout (N) 

Group Pre-exercise 
 

Post-exercise 
 

% force loss 
immediately 

after exercise 

At day 4 
 

% force 
loss at 
day 4 

Low-load 
group 

12.12 ± 6.21 8.80 ± 4.27 26.7 10.66  ± 4.71 12.05 

Moderate-load 
group 

12.36 ± 3.14 4.41 ± 1.80 63.91 8.73  ± 1.77 26.55 

High-load 
group 

12.97 ± 6.26 1.98 ± 2.40 85.68 6.40 ± 4.74 49.88 
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Table 5  

 
MVC for 2nd ECC bout (N) 

Group Pre-exercise 
 

Post-exercise % force loss 
(Immediately 

after 
exercise) 

At day 4 % force 
loss 

(4 days 
after 

exercise) 
Low-load 
group 

171.3 ± 57.7 99.3 ± 28.2 39.06 156.9  ± 61.2 8.29 

Moderate-load 
group 

194.1 ± 84.0 101.6 ± 46.0 47.70 172.8  ± 75.9 10.94 

High-load 
group 

145.6 ± 50.4 90.9 ± 39.2 37.99 146.8 ± 51.2  0 
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Table 6   

 
 VA for 2nd ECC bout (%) 
Group Pre-exercise Post-exercise % decrease   

(Immediately 
after 

exercise) 

At day 4 % decrease 
(4 days 
after 

exercise) 
Low-load 
group 

96.60 ± 2.49 78.56 ± 14.73 19 96.50 ± 1.49 0 

Moderate-load 
group 

96.85 ± 1.83 71.56 ± 23.08 26 96.04 ± 3.08 0 

High-load 
group 

96.75 ± 3.64 76.70 ± 22.46 21 97.88 ± 1.26 0 
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Table 7 
 
 RT for 2nd ECC bout (N) 
Group Pre-exercise Post-exercise % force loss  

(Immediately 
after 

exercise) 

At day 4 % force 
loss 

(4 days 
after 

exercise) 
Low-load 
group 

13.71 ± 8.11 2.31 ± 2.09 83 10.79 ± 6.35 21 

Moderate-load 
group 

12.22 ± 4.35 1.69 ± 1.15 86 8.11 ± 3.07 34 

High-load 
group 

13.34 ± 5.64 3.37 ± 4.32 74 10.45 ± 4.36 22 

 

 

 

 

 

 

 

 

 

 

 

 


