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Introduction: The first bout of eccentric exercise is known to have a protective effect on the consequent

bouts. This effect is still disputable as it is not known whether it protects muscle damage by reducing

force production or by improving force recovery in the healing process. The underlying mechanisms of

this protective effect have not been fully understood.

Objectives: To determine the mechanisms of this protective effect, three different loads were used for the

first eccentric bout. This was done to investigate whether the protective effect is related to the size of the

load in the first bout. To determine the neural adaptations, voluntary activation was assessed and to

determine the muscular adaptations, the resting twitch was measured.

Method: Thirty healthy participants were selectively allocated into three groups (low-, moderate- and

high-load group) to match for maximal voluntary contraction (MVC) (n ¼ 10 per group). Participants in

each group performed only one of the three sets of ten eccentric (ECC) exercises of the elbow flexors

(10%, 20% and 40% of MVC) as their first eccentric bout. The second bout of eccentric exercise was

performed two weeks later and was identical for all the three groups, i.e., 40% ECC.

Results: The results showed that for the first bout, MVC, voluntary activation and the resting twitch

displayed significant (p < 0.0001) interaction (group x time). This was not the case however for the

second bout as there was no significant (group x time) interaction in all outcome variables immediately

after exercise. When the first and second bouts were compared, it was found that the high-load group

had faster recovery in MVC at day 1 and 4 corresponding to voluntary activation and only at day 4

corresponding to the resting twitch.

Conclusions: In this study, it was found that high-load exercise aids fast recovery either via neural or

muscular adaptations.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Maximal force production or maximal voluntary isometric

contraction is used as the final outcome in studies of human

physiology where muscle strength is assessed. To assess the central

fatigue, electrically induced twitch during maximal voluntarily-

exerted force (twitch interpolated method) is performed and

used to calculate the voluntary activation. Electrically induced

twitch in relaxed muscle bypasses the neural drive (resting twitch)

can also be used to calculate voluntary activation (Herbert and

Gandevia, 1999). Although this method has some limitations (e.g.

single twitch) and is still controversial (methodological discrep-

ancy), it has some advantages over the conventional electromyog-

raphy (EMG) since it gives insight about neural drive to a muscle

without the problems of EMG at a high level of force (Keenan et al.,

2005).

The potential mechanisms underlying exercise-induced pro-

longed strength loss have been reported to be either neuronal

control or muscular damage (Prasartwuth et al., 2005). However,

exercise or training can improve the magnitude of strength loss.

This phenomenon is called “repeated bout effect” (RBE) of eccentric
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exercise. As full activation in eccentric exercise can be reported in

athletes (Amiridis et al., 1996; Babault et al., 2001), it is possible to

study the underlying mechanisms of repeated bout effects

regarding to neural or muscular adaptations during force recovery.

As regard motor unit recruitment, high-threshold motor units

were selectively recruited in soleus and gastrocnemius muscles

during eccentric contraction (Nardone et al., 1989) and this mech-

anism is believed to be responsible for high force generation ca-

pacity. However, low-threshold motor units were activated in the

first dorsal interosseous muscles during eccentric contraction

(Howell et al., 1995). This discrepancy may be related to different

muscle sites and functions. In addition, discharge rate of motor

units reduced markedly during lifting and lowering of a load. With

twitch interpolation, an impaired voluntary activation of the elbow

flexor in the early stage and damage to themuscle fibers in the later

stage has been confirmed as a result of eccentric exercise

(Prasartwuth et al., 2005).

Based on the potential sites of neural control (e.g. motor cortex,

thalamus and spinal cord), the silent period after the motor evoked

potential (MEP) is shorter during eccentric contractions and is

followed by intracortical facilitation (Duclay et al., 2011). Also there

is evidence to indicate that enhanced intracortical and interhemi-

spheric connections are involved in eccentric contractions (Fang

et al., 2004; Fang et al., 2001). In contrast, EMG recordings dis-

played less even high force production during eccentric exercise

compared to concentric and isometric exercises (Aagaard et al.,

2000; Loscher and Nordlund, 2002) which is thought to be a

compensation for spinal inhibition (Gruber et al., 2009). Therefore,

neuronal control could play an important role in protecting against

muscle damage. When performing this exercise again for RBE, the

protective phenomenon could be illustrated as neural adaptation.

However, a previous research using the trained-electrically induced

twitch interpolation technique reported that voluntary activation

remained the same as pre-exercise level (~94%) up to day 1 in knee

extensors at the same angle, thus suggesting no neural adaptations

as a result of RBE (Kamandulis et al., 2010). To determine the neural

adaptation as a result of RBE, this research aimed to investigate

whether the underlying mechanisms in neuromuscular adapta-

tions help to protect muscle damage or not. In addition, this study

examined the relation between the magnitude of the first bout and

the neuromuscular adaptations where repeated bouts exists. To

answer the latter question, three different loads of the first

eccentric bout were designed to use and investigate their effects on

high load repeated eccentric exercise. Previous research suggests

that themagnitude of the repeated bout depends on themagnitude

of exercise load in the first bout, i.e. the more impaired voluntary

activation is in the first bout, the greater the protective effect in the

repeated bouts. This knowledge is important as eccentric exercise

causes significant force loss, pain and stiffness. For unaccustomed

persons, patients or athletes that perform the eccentric exercise

again, it is possible to reduce the consequences by choosing an

appropriate load.

2. Method

2.1. Participants and study design

Thirty healthy male and female volunteers who had not per-

formed regular resistance training participated in this study. All

participants gave written informed consent prior to the study,

which was approved by the Institute Ethics Committee and com-

plied with the Helsinki Declaration. The participants were placed

into one of the three groups (n ¼ 10 per group) based on the

baseline maximal voluntary isometric contraction torque (MVC) of

the elbow flexors at an elbow joint angle 90� to match the average

MVC amongst the groups. The three groups were low-load (10%

ECC), moderate-load (20% ECC) and high-load (40% ECC), and the

participants in each group performed the first eccentric exercise

bout at the chosen intensity, but all groups performed the same

eccentric exercise (40% ECC) two weeks after the first bout. No

significant difference in the baseline MVC (164.3 (61.7) N), age (27.1

(5.8) y), height (158 (16.8) cm) and body mass (60.3 (19.3) kg) were

evident across the groups. Each group consisted of both genders

and the number of women for the 10% ECC, 20% ECC and 40% ECC

were eight, seven and eight, respectively. All participants were

asked to refrain from unaccustomed exercise or vigorous physical

activity, and not to take any anti-inflammatory drugs or nutritional

supplements during the experimental period. The dependent var-

iables included maximal voluntary contraction, voluntary activa-

tion and the resting twitch. Measurements were taken before,

immediately after, 1 and 4 days after exercise for the first and

second bouts. Changes in these variables over time were compared

amongst the groups and bouts.

2.2. Eccentric exercise

Participants performed eccentric exercise of the elbow flexors

with the non-dominant arm using a dumbbell adjusted to 10%, 20%

or 40% of individual's MVC at an elbow angle of 90� for the first

bout, and the 40% load exercise for the second bout. The exercise

consisted of three sets ten repetitions with a 2 min rest between

sets. The participants were instructed to lower the dumbbell from

an elbow flexed ~90� to an elbow extended position (0�) in 4e5 s,

keeping the velocity as constant as possible in metronome rhythm.

After each eccentric contraction, the investigator lifted the load up

while participants relaxed and the arm was passively returned to

the starting position.

2.3. Maximal isometric flexion torques

For maximal voluntary contraction of elbow flexor muscle

group, participants sat with the shoulder and elbow joint held at

90� flexion in an arm bar attached with a force gauge (2KN, A&D

CO, Ltd, Japan) connected to a PowerLab. This arm bar was used to

measure isometric flexion torque at 90� elbow flexion. Verbal

encouragement was provided during MVC measurements. Three

measurements of maximal effort were made with a 5-s rest be-

tween trials and the maximal value of the three was used for

further analysis.

2.4. Motor nerve stimulation

For stimulation of the motor nerve, single electrical stimulus

(100 ms duration, constant current) was delivered to nerve fibers

innervating the biceps brachii via a surface cathode locatedmidway

between the anterior edge of the deltoid and the elbowcrease and a

surface anode positioned over the distal biceps tendon using a

Digitimer. 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 for all measurements. 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; RT”). Voluntary

activation was then quantified as a percentage using the following

formula (see Herbert and Gandevia, 1999):
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Voluntary activation (%) ¼ (1-superimposed twitch/resting twitch)

x 100

2.5. Statistical analysis

Changes in the dependent variables over time were compared

amongst the groups for the first eccentric bout and the second

eccentric bout separately by a two-way repeated measure of

Analysis of Variance (ANOVA). The ANOVA was performed for both

raw and normalized data for all variables except for voluntary

activation. For the ANOVA using normalized data, pre-exercise

values (100 for MVC and RT) were excluded. The ANOVA also

compared the first 40% bout performed by the 40% ECC group and

the second eccentric exercise bout performed by all groups in

which the 40% load was used to examine whether the first exercise

bout conferred any protective effect. 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 signifi-

cant differences between groups. One-way ANOVAwas also used to

compare groups at each time. Statistical significance was set at

p < 0.05. The results are presented as means (SD).

3. Results

3.1. First eccentric exercise

3.1.1. Deficit in force production

For the first bout, MVC in low-load group decreased by 7.12%

(from 167.9 (63.8) to 153.9 (53.1) N), MVC in moderate-load group

decreased by 12.76% (from 170.0 (59.4) to 147.8 (54.7) N) and MVC

in high-load group decreased by 45.61% (from 155.0 (61.8) to 81.4

(31.5) N) of the pre-exercise value immediately after eccentric ex-

ercise and recovered back to normal at day 4 only for the low-load

and moderate-load groups. In contrast, with the high-load group, it

only recovered to 76.25% of the initial value at day 4 (Fig. 1, upper

panel, left graph). When compared between groups, changes in raw

and normalized maximal voluntary contraction torques in all

groups over time (group x time) were significantly (p < 0.0001)

different. Post hoc analysis found significantly (p < 0.0001)

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

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

3.1.2. Voluntary activation

With the low-load group, voluntary activation remained the

same after the exercise up to 4 day.While themoderate-load group,

voluntary activation decreased slightly by 6.82% (from 99.26 (0.84)

to 92.44 (4.79) %) immediately after exercise and returned back to

normal at day 4. With the high-load group, voluntary activation

markedly decreased by 32.62% (from 96.83 (2.64) to 64.21 (18.35)

%) immediately after exercise and gradually recovered to 91.92

(6.06) % at day 4 (Fig. 1, middle pane, left graph). When compared

between groups, changes in voluntary activation in all groups over

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

were significant (p < 0.001) differences between low- and high-

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

between moderate- and high-load groups.

3.1.3. Resting twitch

The resting twitches produced by motor nerve stimulation

decreased by 26.7% (from 12.12 (6.21) to 8.80 (4.27) N), 63.91%

(from 12.36 (3.14) to 4.41 (1.80) N) and 85.68% (from 12.97 (6.26) to

1.98 (2.40) N) of their pre-exercise values with the low-, moderate-

and high-load groups of eccentric exercise respectively. They then

gradually recovered to 87.95%, 73.45% and 50.12% of their pre-

exercise values at day 4 with the low-, moderate- and high-load

groups respectively (Fig. 1, lower panel, left graph). Changes in

the resting twitches in all groups over time (group x time) were

significantly (p ¼ 0.0001) different. When comparing the resting

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

low- and high-load groups, there were significant differences

(p ¼ 0.01, p ¼ 0.0001 respectively). However, there was no signif-

icant difference (p ¼ 0.095) between moderate- and high-load

groups.

3.2. Second eccentric exercise

3.2.1. Deficit in force production

When each group performed eccentric exercise with the same

high-load (40% of MVC) after two weeks, immediately after the

exercise, the maximal voluntary contraction forces in all groups

decreased by 37.99e47.7% of their initial values. At the 4 day, the

maximal voluntary torques in low- and moderate-load groups

gradually recovered to ~90% of their pre-exercise values. Interest-

ingly, the maximal voluntary torques in high-load group returned

back to normal (Fig. 1, upper panel, right graph). When the second

bout in all groups was compared with the first eccentric using

repeated measures ANOVA, the normalized data showed a signifi-

cant main effect for time (F ¼ 145.723, p ¼ 0.0001). Comparison

between groups also showed significant differences (F ¼ 3.885,

p ¼ 0.017). There was also a significant interaction effect (group x

time) (F ¼ 3.250, p ¼ 0.007). One-way ANOVA found significant

differences between high-load group and the baseline at day 1 and

4 (p ¼ 0.014, p ¼ 0.003, respectively) (Fig. 1, upper panel, right

graph).

3.2.2. Voluntary activation

All groups showed similar changes and recovery patterns as the

exercise load was equal for each group (40% of MVC). Voluntary

activation dropped in similar amounts for the groups after exercise

(71.56e78.56%). At day 4, all groups recovered back to pre-exercise

value (~96%) (Fig. 1, middle panel, right graph). When comparing

the second bout in all groups with the first eccentric bout using

repeated measures ANOVA, the voluntary activation showed a

significant main effect for time (F¼ 40.99, p¼ 0.0001). Comparison

between groups showed no significant differences (F ¼ 2.313,

p ¼ 0.093). There was also no significant interaction effect (group x

time) (F ¼ 0.638, p ¼ 0.762). In the absence of a significant inter-

action effect, one-way ANOVA was applied, which revealed that

therewere significant differences between high-load group and the

baseline at day 1 and 4 (Fig. 1, middle panel, right graph).

3.2.3. Resting twitch

All groups showed similar changes after exercise and similar

recovery rate. With normalized data, the resting twitches

decreased by 74e86% (from ~13 to ~2 N) after exercise and return

back by ~26% (from ~13 to ~9 N) at day 4 (Fig. 1, lower panel, right

graph). When the second bout in all groups was compared with the

first bout using repeatedmeasures ANOVA, the raw and normalized

data showed a significant main effect for time (F ¼ 117.27,

p ¼ 0.0001). There were no significant differences between groups

(F ¼ 1.103, p ¼ 0.367). There was also no significant interaction

effect (group x time) (F ¼ 0.756, p ¼ 0.526). In the absence of a

significant interaction effect, one-way ANOVA was applied, which

revealed that there was only a significant difference between high-

load group and the baseline at day 4 (Fig. 1, lower panel, right

graph).
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4. Discussion

There are two main findings in this study. Firstly, unlike our

hypothesis, we did not observe any protective effect of the first

eccentric exercise because the force decreased immediately after

the exercise during the second bout at the same amount as in the

first bout indicating that the force loss depends on magnitude of

current load rather than the prior attempt. Secondly, all three

groups showed better force recoveries in the second bout than the

baseline (the same load of the first eccentric bout), however, only

high-load group reported significantly enhanced recovery.

4.1. First bout of eccentric exercise: MVC

Immediately after exercise, low-, moderate- and high-load

groups showed the decreases in maximal forces by 7.12%, 12.76%

and 45.61% of their pre-exercise values, respectively. These changes

corresponded with impaired voluntary activation by 0%, 6.82% and

32.62%, respectively. These results suggest that impairments in

voluntary activation played a role in moderate- and high-load

groups. Although the present results confirm previous study with

regard to high-load group (Prasartwuth et al., 2005). Kamandulis

et al. (2010) has contrary results suggesting that voluntary activa-

tion remained the same as the pre-exercise level (~94%) up to day 1

in knee extensors at the same angle. The discrepancies in these

results need to be interpreted with caution. Possible explanation

might be related to different types of stimuli (single and tetanic)

and recruitment of synergist and/or antagonist muscles during

tetanic stimulation, hence disguising the impaired voluntary

activation.

Corresponding to force loss, the amplitude of the resting twitch

decreased by ~27%, ~64% and ~86% of their pre-exercise values,

respectively. These changes in high-load group were found to be in

the linewith previous studies (Prasartwuth et al 2005, 2006). Using

the same twitch interpolation technique to assess the resting

twitch, force loss by ~35e40% was associated with the decrease in

the resting twitch by ~70e85%. However, with different frequency

i.e. tetanic stimulation, force loss by ~42% was associated with the

decrease in the resting twitch by ~44% (Kamandulis et al., 2010).

Less decrease in the resting twitch from tetanic stimulation could

be due to an alteration of the relationship between local intracel-

lular Caþþ and force (Gandevia, 2009) and could possibly relate to

low- and high-frequency fatigue (Jones, 1996).
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Fig. 1. Comparison between the first (left graph) and second eccentric bout (right graph), 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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4.2. Second bout of eccentric exercise

Immediately after exercise, force deficits were of similar

magnitude in all three groups as compared to the baseline. Our

results were consistent with the findings of most of the previous

studies of this topic (Chen et al 2007, 2009; Kamandulis et al., 2010;

Nosaka and Newton, 2002; Nosaka et al., 2001a, 2001b; Paschalis

et al., 2008). These findings negated the protective effect of using

different loads in the first bout on maximal voluntary torques

immediately after exercise. Force deficits depend primarily on the

extent of performed current load but they do benefit from exercise

in prior bout; in other word, there is no effect of damage prevention

(Yu et al 2003, 2004). Therefore, force deficits could primarily be

load-dependent immediately after exercise.

At day 1 and 4, all three groups showed better force recovery

than the baseline (with the same load of the first eccentric bout)

but only the high-load group reported significantly enhanced re-

covery. There are two possibilities to explain these results. First, the

first bout of high-load eccentric exercise could be the best choice to

train the athletes even though it causes more muscle damage and

impaired voluntary activation to the muscle fibers. Second, it may

relate to load specificity, which means the adaptation ability may

depend on the exact load given before.

Force output depends on voluntary activation (neural drive to

the muscle) and the resting twitch (the contractile element). With

reference to voluntary activation, force recovery corresponded with

voluntary activation only in the high-load group. At day 1, maximal

force significantly recovered to ~80% of pre-exercise level while

voluntary activation significantly improved to ~93%. At day 4,

maximal force significantly recovered back to pre-exercise level

and voluntary activation also recovered back to pre-exercise level.

These imply that the ability of the neural system to recover or for

neural adaptation to take place is demonstrated in the early phase

of high-load eccentric exercise. Fast recovery of force loss might be

related to enhance neural drive to the muscle fibers. Underlying

mechanisms in neural adaptations could occur at the level of motor

cortex, spinal cord and/or neuromuscular junction (e.g. increased

descending drive, elevated motoneuron excitability and decreased

presynaptic inhibition).

In addition, only at day 4 in the high-load group, the resting

twitch was significantly depressed at ~78% of pre-exercise level.

Possible explanations might relate to muscular adaptations which

could be an increase in sarcomere in series and/or in parallel, Z-line

and/or titin remodeling process recovery resulting in an increase in

fascicle length and an alter in optimal angle during maximal

contraction as well as an increase in pennation angle (Hedayatpour

and Falla, 2015).

These findings suggest that neural adaptations could play a

primary role in the early phase of the second bout, following which

muscular adaptations could then take place with neural adapta-

tions during the force recovery. Only one previous study

(Kamandulis et al., 2010) investigated changes in voluntary acti-

vation and reported the opposite findings. This discrepancy could

be due to different techniques used. We used single twitch whereas

in the previous study mentioned above, tetanic stimuli was used. In

addition, different methods of calculations were used to assess

neural contribution, specifically, we used voluntary activation but

the previous study used central activation ratio (CAR) and volun-

tary activation (VA). In that study, therewere no significant changes

in CAR and VA, suggesting no neural adaptations, even in the first

eccentric bout. Thus, in the second bout, it is not surprising that

repeated bout is not associated with changes in voluntary activa-

tion. Possible explanation for the different techniques being used

(i.e. paired twitch or tetanic stimulation) could be that the

magnitude of resting twitch might only involve the contractile,

non-contractile elements and/or synergists as well as antagonists.

A limitation of this study could be that single-pulse electrical

stimulus might be insufficient to stimulate the resting twitch after

eccentric exercise. However, tetanic stimuli could recruit the motor

units either in agonist and antagonist muscles. Therefore, paired

pulse electrical stimulation could be a good choice to assess

voluntary activation after eccentric exercise in future research.

Based on the results, it appears that our body directly responds

to the applied load as can be seen by the decreased MVC in the

same amount in all groups immediately after the exercise in the

second bout. These imply that there is no protective effect in RBE.

However, the influence of the high-load eccentric exercise in the

first bout assists to improve MVC in day 1 and 4 in the second bout.

Better recovery in force is found either in the neural adaptation

earlier or in the muscular adaptation later on. This can be applied

using the high-load exercise in the first bout in the training even

though we know that it causes more force loss.

In summary, the repeated eccentric effect was demonstrated

only in the high-load group which could imply a load-specific

adaptation. We did not observe any protective effect of the first

eccentric exercise because the force decreased immediately after

the exercise thus indicating that the force loss depends on

magnitude of current load rather than the prior attempt. However,

significant recovery in the force generating capacity was found only

in the high-load group and this corresponded with the improve-

ment of voluntary activation in day 1 and 4.
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