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Abstract
Purpose  To better understand neuromuscular characteristics of eccentric exercise-induced muscle damage, this study com-
pared between concentric (CONC) and eccentric (ECC) exercises of knee extensor muscles, and the first (ECC1) and second 
bouts of the eccentric exercise (ECC2) for central and peripheral parameters associated with neuromuscular fatigue.
Methods  Twelve young men performed three exercise bouts separated by at least 1 week between CONC and ECC1, and 
2 weeks between ECC1 and ECC2. In each exercise, maximal voluntary concentric or eccentric contractions of the knee 
extensors were performed until a reduction in maximal voluntary isometric contraction (MVC) torque of at least 40% MVC 
was achieved immediately post-exercise. MVC torque, central (voluntary activation and normalised electromyographic 
activity), and peripheral neuromuscular indices (evoked torque and M-wave amplitude), and muscle soreness were assessed 
before (PRE), immediately after (POST), 1 h (1H), and 1–4 days after exercise (D1, D2, D3, and D4).
Results  MVC torque decreased at only POST for CONC (− 52.8%), but remained below the baseline at POST (− 48.6%), 
1H (− 34.1%), and D1–D4 (− 34.1 to − 18.2%) after ECC1, and at POST (− 45.2%), 1H (− 24.4%) and D1 (− 13.4%) after 
ECC2 (p < 0.05). Voluntary activation decreased immediately after ECC1 (− 21.6%) and ECC2 (− 21.1%), but not after 
CONC. Electrically evoked torques decreased similarly at POST and 1H for the three conditions, but remained below the 
baseline at D1 only post-ECC1.
Conclusion  These results showed that both central and peripheral factors contributed to the MVC decrease after ECC1 and 
ECC2, but the decrease was mainly due to peripheral factors after CONC.

Keywords  Central fatigue · Electrical stimulation · Interpolated twitch technique · DOMS · EMG · Repeated bout effect

Abbreviations
DB	� Potentiated doublet amplitude evoked at rest
DBsup	� Superimposed doublet amplitude
EMG	� Electromyography
MMAX	� Maximal M wave

MVC	� Maximal voluntary contraction
pη2	� Partial eta-squared
RF	� Rectus femoris
RMS	� Root mean square
VA	� Voluntary activation
VAS	� Visual analogue scale
VL	� Vastus lateralis
VM	� Vastus medialis

Introduction

Neuromuscular fatigue is defined as a decrease in capacity 
of a muscle to produce a level of strength or power (Bigland-
Ritchie et al. 1986), and is classically categorised as cen-
tral and peripheral fatigue, since fatigue is the resultant of 
a complex interaction between the two (Gandevia 2001). 
Central fatigue is attributable to a decrease in the capac-
ity to fully activate a muscle during an exercise, whereas 
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peripheral (or muscle) fatigue corresponds to the perturba-
tion of the system involved from the muscle fibre excitation 
to the formation of cross bridges between actin and myosin 
(Gandevia 2001).

It appears that neuromuscular fatigue profiles are different 
between concentric and eccentric contractions. For example, 
Pasquet et al. (2000) reported a greater decrease in ankle 
dorsiflexor torque immediately after concentric (− 32%) than 
after eccentric exercise (− 24%) consisting of 5 sets of 30 
maximal voluntary contractions at a constant angular veloc-
ity (50°/s) through a 30° range of motion. Similarly, Kay 
et al. (2000) showed that knee extensor strength decreased 
immediately after repeated maximal concentric contrac-
tions (− 42.3%) but not after maximal eccentric contractions 
(+ 8.6%). It seems likely that peripheral and central factors 
contribute differently to the post-exercise decreases in maxi-
mal voluntary contraction (MVC) torque between concentric 
and eccentric contractions.

Kay et al. (2000) reported a significant decrease in knee 
extensors MVC torque after a 100-s concentric endurance 
trial without any decrease in integrated electromyographic 
(EMG) signal, indicating that neural drive to muscle was 
not impaired. However, no previous studies have compared 
between concentric and eccentric contractions by matching 
the level of fatigue immediately post-exercise. Two studies 
(Prasartwuth et al. 2005, 2006) investigated the contribution 
of central and peripheral parameters in the decrease of maxi-
mal voluntary force after eccentric exercise for elbow flexor 
muscles. They indicated that modulations occurring both 
upstream (decrease in voluntary activation) and downstream 
(decrease in electrically evoked resting twitch amplitude) of 
the neuromuscular junction were associated with the MVC 
decreases after eccentric exercise (Prasartwuth et al. 2005, 
2006).

To the best of our knowledge, only Dundon et al. (2008) 
have investigated peripheral and central parameters after 
concentric versus eccentric exercise of the elbow flexors 
inducing the same level of fatigue. In this study, central 
parameters were investigated only through surface EMG 
signals. Because of some limitations regarding the surface 
EMG data interpretation (Farina et al. 2014), modulations 
within the central nervous system after eccentric versus con-
centric exercise are not clear; thus, further investigation with 
more specific neuromuscular markers is necessary.

It is well documented that eccentric contractions induce 
greater muscle damage than concentric contractions (Laven-
der and Nosaka 2006). It is thought that mechanical stress is 
distributed to a smaller number of motor units during eccen-
tric contractions than in concentric contractions, which leads 
to a perturbation in sarcomeric appearance and intracellular 
calcium homeostasis (Morgan 1990). A reduction in MVC 
strength in the days following an exercise is the best marker 
of muscle damage (Warren et al. 1999), and the strength 

loss lasts longer following eccentric exercise when compared 
with concentric or isometric exercise (Hamlin and Quigley 
2001). However, it is not possible to determine whether mus-
cle damage is induced from an MVC decrement immediately 
after exercise, since it also reflects neuromuscular fatigue.

Chen and Nosaka (2006) showed that after the second 
eccentric exercise bout, MVC returned close to the base-
line by 1 day following the exercise, and this adaptation is 
referred to as the repeated bout effect. Similar results have 
been found in other studies in which elbow flexor eccen-
tric exercise was performed (Janecki et al. 2014; Goodall 
et al. 2017). Although muscle damage is attenuated after the 
second bout of eccentric exercise (Hyldahl et al. 2017), the 
magnitude of changes in muscle damage markers such as 
MVC torque 1-day post-exercise is still greater when com-
pared with a concentric exercise (Vissing et al. 2008). It is 
important to determine whether an MVC decrement is due 
to muscle damage or fatigue soon after exercise, since differ-
ent strategies are required to recover muscles from damage 
versus fatigue. It may be that central and peripheral modu-
lations are different between the first and second eccentric 
exercise bouts, and this can provide some clue for an early 
detection of muscle damage. However, this has never been 
assessed for knee extensor muscles, which play an important 
functional role in daily activities.

Therefore, the objective of the present study was to com-
pare the contribution of central and peripheral factors to the 
loss of MVC following concentric versus eccentric contrac-
tions of the knee extensors resulting in the same reduction 
in MVC immediately post-exercise, and to assess potential 
differences between central and peripheral adaptations asso-
ciated with the repeated bout effect.

Methods

Participants

Twelve healthy young men (age: 22.6 ± 2.7 years, body 
mass: 78.2 ± 8.4 kg, height: 182.3 ± 9.6 cm) with no history 
of neuromuscular disorders participated in this study. They 
reported to perform mainly team sport activities (e.g., foot-
ball) between 2 and 5 h per week. The participants did not 
perform any resistance training of the quadriceps muscle for 
at least 6 months prior to the commencement of the study 
and during the experimental period including the inter-
val between the first and second eccentric exercise bouts. 
Since dietary strategies may influence the recovery process 
after muscle-damaging exercise [see Sousa et al. (2014) for 
a review], the participants were asked not to change their 
dietary intake pattern during the whole study. The sample-
size was calculated using G*Power (version 3.1.9.2; Kiel 
University, Kiel, Germany), based on an expected “medium” 
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effect size (f2 = 0.25) for a difference in MVC changes at 
1 day post-exercise between concentric and eccentric condi-
tions, with α level of 0.05, power (1 − β) of 0.8 and correla-
tion among repeated measures of 0.85. Before testing, each 
participant was informed about the nature and the aim of this 
study, as well as risks and discomfort associated with elec-
trical stimulation. The study was conducted in conformity 
with the Declaration of Helsinki and approved by the local 
ethics committee.

Experimental design

Each participant had three exercise sessions (about 90 min 
for each session) in which an exercise protocol consisting of 
concentric (CONC) contractions or two exercise protocols 
consisting of eccentric contractions (ECC1 and ECC2) of 
the knee extensors were performed. Each exercise session 
was performed at the same time of day. During each ses-
sion, neuromuscular tests including voluntary and evoked 
contractions of the quadriceps femoris were performed 
before (PRE), immediately after (POST) and 1 h after (1H) 
as well as 1, 2, 3, and 4 days after the exercise (D1, D2, 
D3, and D4). The CONC was performed by one leg and the 
two ECCs (ECC1 and ECC2) were performed by the other 
leg. The choice of the leg and the order of the session were 
pseudo-randomised among the participants. Thus, seven par-
ticipants performed the eccentric exercise with their domi-
nant leg, whereas five participants performed the concentric 
exercise with their dominant leg, to control for any influence 
of leg dominancy on muscle fatigue, especially during the 
early recovery phase (Willems and Ponte 2013). There was 
a period of 1 or 2 weeks between concentric and eccentric 
sessions, while the two eccentric sessions were always sepa-
rated by 2 weeks to ensure that the repeated bout effect (i.e., 
ECC1 versus ECC2) was assessed under the same experi-
mental condition and was not influenced by the duration of 
the recovery phase.

Exercise protocol

All participants performed concentric or eccentric isokinetic 
maximal contractions of the knee extensors at an angular 
velocity of 60°·s− 1 for each condition, over a range of motion 
of 90° from 20° to 110° (ECC1 and ECC2) or from 110° 
to 20° (CONC), with 0° corresponding to the maximal leg 
extension. The leg was passively returned by the motor of 
the dynamometer (Biodex Shirley Corporation, New York, 
USA) to the initial position at 60°·s− 1, creating a ~ 1.5-s rest 
between contractions. The objective of each exercise session 
was to induce a decrease in isometric MVC torque from PRE 
to immediately post-exercise of at least 40%. The choice of 
this target was based on a study that showed ~ 40% decreases 
in MVC after concentric–eccentric contractions of the knee 

extensors (Behrens et al. 2012). At the end of the first 50 
contractions, the participant performed one MVC. If the 
decrement was less than 40%, the participant continued the 
protocol with a series of 25 contractions, until reaching the 
target value. Once the target value was reached, the partici-
pant stopped the exercise and performed the neuromuscular 
tests as described in the following section.

The total number of contractions was recorded for each 
session, and the work quantity was calculated using the area 
under the torque–angle curve. The number of contractions 
was divided into five parts (every 20% of the total number), 
since the number of contraction performed in CONC, ECC1 
and ECC2 was different between participants. The mean 
torque was calculated from the average of the five parts.

Muscle soreness

A 100-mm visual analogue scale (VAS) was used to assess 
muscle soreness (0 corresponding to “no pain” and 100 to 
“extremely painful”). The participants were asked to mark 
their subjective scale of soreness on the VAS after being 
palpated. For this purpose, all the areas of the superficial 
quadriceps muscles were checked (i.e., RF, VL, and VM) by 
applying the same pressure for 2 s. The palpation was always 
performed by the same investigator to ensure reproducible 
measurements.

Neuromuscular tests

Neuromuscular tests were performed on an isokinetic 
dynamometer (Biodex System 3 Pro®, Biodex Shirley Cor-
poration, New York, USA). During the neuromuscular tests, 
the hip joint was set at 85° flexion (full hip extension = 0°), 
and the knee joint angle was set at 90° (full knee exten-
sion = 0°) with its axis being aligned with the axis of rotation 
of the dynamometer. Each participant was firmly strapped 
on the trunk and leg with belts to avoid any movements, and 
was asked to keep his arms crossed during all contractions. 
Mechanical data such as torque signals were recorded by 
a Delsys software (Delsys® Inc., Boston, MA, USA) and 
sampled at 5 kHz.

Maximal isometric voluntary contraction (MVC)

After a standardised warm-up protocol consisting of ten 
submaximal voluntary contractions at 30–80% of MVC, 
participants performed three MVCs at a knee joint angle of 
90° (0° = full knee extension) on the dynamometer, inter-
spaced by 1 min of rest. The first two maximal isometric 
contractions were performed without electrical stimulations, 
wherein the participant had to maintain the contraction for 
4–5 s, and electrical stimulation was imposed during the 
third one (see next section). The participants were asked 
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to generate their maximal torque as fast and forcefully as 
possible without any pre-activation (Aagaard et al. 2002). 
During these contractions, a visual feedback of the instanta-
neous torque was provided to the participants via a computer 
screen. The highest peak torque recorded from the two first 
MVC performed without electrical stimulation superimposi-
tion was used for further analysis.

Voluntary activation, contractile properties, and torque–
frequency relationship

Torque–frequency relationship, voluntary activation, and 
twitch-doublet properties were obtained using a constant-
current electrical stimulator (Digitimer DS7A®. Digitimer 
Ltd., Hertfordshire, UK). We used the electrical stimula-
tion of the femoral nerve to assess the voluntary activation 
and the twitch-doublet properties, and the stimulation of the 
quadriceps muscle to assess torque–frequency relationship 
(Doguet et al. 2016).

For the stimulation of the femoral nerve, the cathode 
(diameter = 1 cm; ADInstruments Pty Ltd.) was placed over 
the femoral nerve in the femoral triangle (3–5 cm below the 
inguinal ligament) and the anode (5 × 9 cm; Chattanooga 
Medical Supply Inc.) was placed on the gluteal fold. Rec-
tangular pulses with 1-ms duration and 400 V maximal 
output voltage were applied. The best stimulation site was 
defined before the tests and then marked on the skin for the 
measurements on the following sessions. To determine the 
optimal intensity of stimulation, the intensity was increased 
by 5 mA until the amplitude of the twitch torque plateaued. 
Intensity of stimulation was ranged between 80 and 150 mA. 
The stimulating intensity was then increased by 50%, i.e., 
supramaximal intensity.

During the third MVC, three electrical nerve impulsions 
were delivered in the following order: (1) superimposed 
paired stimulation (i.e., doublet, frequency: 100 Hz) to the 
torque plateau to assess voluntary activation; (2) potentiated 
doublet 2 s after the MVC to assess contractile properties, 
and (3) potentiated single stimulation (twitch) 5 s after the 
MVC to obtain the maximal amplitude of the M wave. The 
superimposed doublet amplitude (DBsup) was measured to 
evaluate the level of voluntary activation (VA) using the 
following formula:

The potentiated doublet amplitude (DB) was also 
measured.

Electrical muscle stimulation was used to assess the 
torque–frequency relationship. For muscle stimulation, the 
cathode (8 × 13 cm, Stimex, Rouffach, France) was placed 
over the high insertion of quadriceps muscle and a large 

VA(% ) = 100 ×

(

1 −
DBsup

DB

)

.

anode (8 × 13 cm, Stimex, Rouffach, France) was placed 
at the level of vastus lateralis (VL) muscle (distal 1/3) and 
vastus medialis (VM). Rectangular pulses with 1 s duration 
and 400 V maximal output voltage were randomly applied 
for each frequency of 5, 10, 15, 20, 30, 40, 50, 60, 70, and 
100 Hz. The intensity of stimulation was set at the intensity 
necessary to evoke 30% MVC using a 1-s train stimulation 
at a frequency of 70 Hz. This intensity was retained and used 
for all the frequencies. Thus, ten frequencies of stimulations 
were delivered at rest to each participant, at the same inten-
sity. The duration of stimulation was 1 s for each frequency, 
with 15 s of recovery between each stimulation. The electri-
cally evoked torques of the ten different frequencies were 
assessed. The ratio 10 Hz/100 Hz was also calculated to 
assess the low-frequency fatigue.

Electromyography

After skin preparation (i.e., shaving, abrading, and cleaning 
with alcohol), pairs of circular electrodes (diameter = 1 cm, 
ADInstruments Pty Ltd.) with an inter-electrode distance 
(center to center) of 2 cm were put on the rectus femoris 
(RF) and the VL at 2/3 of the line from anterior superior 
iliac spine to the lateral side of the patella, according to 
SENIAM recommendation. The ground electrode (diam-
eter = 1 cm, ADInstruments Pty Ltd.) was placed on the 
patella. All EMG signals were filtered with a band-pass filter 
5 Hz–1 kHz, and were collected and stored with BIOPAC 
Student Lab Pro® software (BIOPAC System Inc., Goleta, 
USA). The placement of recording electrodes was marked on 
the skin for measurements on the following sessions.

M-wave peak-to-peak amplitude (MMAX) was calculated 
from EMG responses to single femoral nerve electrical stim-
ulation on relaxed VL and RF muscles. For each repetition, 
a mean EMG root mean square (RMS) value was calcu-
lated on a time window corresponding to the time required 
to complete the range of motion (i.e., 1.5 s). RMS values 
of EMG activity were then normalised to MMAX (RMS/
MMAX) for the five sets of the fatiguing protocol (see above) 
to evaluate the efficiency of the central drive throughout the 
concentric and eccentric fatiguing protocols.

Statistical analysis

Statistical tests were performed using a Statistica software 
(StatSoft Inc., Tulsa, Oklahoma, USA). Normality of the 
data was tested by a Shapiro–Wilk test. For mean torque 
and RMS/Mmax wave ratio (see data analysis), the number 
of contractions was divided into five sections (every 20% 
of the total number), since the number of contractions 
was different between CONC, ECC1, and ECC2 among 
participants. Two-way repeated measures analysis of vari-
ance (ANOVA) was used for mechanical and EMG data 
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[condition (CONC, ECC1, ECC2) × time (PRE, POST, 1H, 
D1, D2, D3, D4)] and for the exercise measurements [condi-
tion (CONC, ECC1, or ECC2) × section (first, second, third, 
fourth, and fifth)]. For the torque–frequency relationship, 
a three-way repeated measures ANOVA was used [condi-
tion (concentric or eccentric) × time (PRE, POST, 1H, D1, 
D2, D3, D4) × stimulation frequencies (5, 10, 15, 20, 30, 40, 
50, 60, 70, and 100 Hz)]. When the ANOVA showed a sig-
nificant interaction effect, post-hoc analyses were performed 
using a Tukey’s HSD test. Partial eta-squared (pη2) was also 
reported as a measure of effect size, with 0.07 being con-
sidered as moderate and 0.14 as large effect (Racinais et al. 
2013). Significance level was set at p < 0.05. All results are 
presented as mean values ± standard deviation (SD).

Results

Exercise

As shown in Table 1, no significant difference was observed 
for the total number of contractions between the three exer-
cise sessions (p = 0.26, pη2 = 0.40). However, the total work 
necessary to reach the targeted level of fatigue was signifi-
cantly greater for ECC1 (p = 0.004) and ECC2 (p = 0.008) 
when compared to CONC, without a significant difference 
between ECC1 and ECC2.

The mean torque was significantly reduced between the 
first 20% to the last 20% of the protocol during the three 
exercises (CONC − 48.2 ± 6.0%, ECC1 − 33.8 ± 8.0%, ECC2 
− 25.9 ± 14.1%, p < 0.05, pη2 = 0.21) (Table 1). The aver-
age torque produced during contractions was greater for 

ECC1 and ECC2 than CONC (p < 0.05, pη2 = 0.77) for each 
20% section. No significant changes (p > 0.05; pη2 = 0.10) 
in RMS/Mmax over contractions were evident for CONC, 
ECC1, and ECC2. However, the ratio was lower during 
ECC1 and ECC2 when compared to CONC (p < 0.05, 
pη2 = 0.52) (Table 1).

Muscle soreness

A significant condition × time interaction was found for 
muscle soreness upon palpation (p < 0.001). No signifi-
cant increase in muscle soreness was found after CONC 
(p > 0.05, pη2 = 0.72), but muscle soreness significantly 
increased at D1–D4 from the baseline (p < 0.001), with a 
peak occurring at D2 after ECC1 (Fig. 2b). Muscle soreness 
also significantly increased up to D3 (p < 0.05) after ECC2, 
but the peak value was significantly lower after ECC2 than 
ECC1 (Fig. 2b).

Neuromuscular parameters

Isometric MVC torque

No significant difference (p > 0.05, pη2 = 0.23) in base-
line MVC torque values was evident between CONC 
(292.0 ± 45.3 Nm), ECC1 (307.5 ± 43.4 Nm), and ECC2 
(296.4 ± 49.6 Nm). A significant interaction effect (con-
dition × time) was evident for the changes in this variable 
(p < 0.001). A significant decrease was observed at POST 
for CONC (− 52.8 ± 7.6%, p < 0.001), ECC1 (− 48.7 ± 7.7%, 
p < 0.001) and ECC2 (− 45.2 ± 6.9%, p < 0.001). As 
expected, no significant differences were reported in the 

Table 1   Comparison between concentric (CONC), first bout of 
eccentric (ECC1) and second bout of eccentric exercise (ECC2) for 
the total of number of contractions and work quantity, as well as 

changes in mean torque and root mean square normalised to M wave 
(RMS/Mmax) over 20, 40, 60, 80, and 100% of the total number of 
contractions

Mean ± SD values of 12 participants are shown. #Significantly (p < 0.05) different from CONC. *Significantly (p < 0.05) different from 20%

Total number of contractions Work quantity (Joules)

CONC 104 ± 49 8.1+06 ± 2.7+05

ECC1 134 ± 44 1.6+07 ± 6.5+06#

ECC2 135 ± 67 1.7+07 ± 8.7+05#

20% 40% 60% 80% 100%

Mean torque (Nm)

CONC 104.5 ± 19.3 69.4 ± 16.3* 59.9 ± 13.8* 68.2 ± 22.1* 55.2 ± 13.2*
ECC1 141.8 ± 32.9# 119.3 ± 31.1*# 115.1 ± 28.5# 98.8 ± 26.3*# 93.9 ± 24.9*#

ECC2 143.8 ± 34.6# 127.4 ± 32.6*# 120.7 ± 24.5# 113.2 ± 25.3*# 108.4 ± 20.5*#

RMS/Mmax (%)

CONC 0.066 ± 0.025 0.066 ± 0.026 0.068 ± 0.026 0.066 ± 0.024 0.068 ± 0.023
ECC1 0.049 ± 0.010# 0.046 ± 0.011# 0.049 ± 0.012# 0.049 ± 0.012# 0.051 ± 0.017#

ECC2 0.050 ± 0.015# 0.049 ± 0.015# 0.051 ± 0.016# 0.050 ± 0.018# 0.057 ± 0.021#
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Fig. 1   Representative traces 
of one participant recorded 
before (PRE), immediately 
after (POST) and 2 days after 
(D2) concentric (CONC) or 
eccentric exercises (ECC1 and 
ECC2 for the first and second 
bouts, respectively) for MVC 
force and potentiated doublets. 
Black arrows indicate the time 
of peripheral nerve stimula-
tion. Dotted lines indicate the 
maximal value recorded at PRE 
for both MVC and DB

Fig. 2   Changes in maximal 
voluntary isometric contrac-
tion (MVC) torque (a) and 
muscle soreness assessed by 
a visual analogic scale (VAS, 
b) before (PRE), immediately 
after (POST), 1 h after (1H) 
and 1, 2, 3, and 4 days (D1, D2, 
D3, and D4, respectively) after 
concentric (CONC), the first 
bout of eccentric (ECC1) and 
the second bout of eccentric 
exercise (ECC2). Mean ± SD 
values of 12 participants are 
shown. *Significantly different 
from PRE (p < 0.05). #Sig-
nificantly different from CONC 
(p < 0.05)
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magnitude of decrease in MVC at POST between ses-
sions, indicating that the same level of fatigue was induced 
(Figs. 1, 2a). When compared to PRE, ECC1 resulted in a 
significantly greater decrease in MVC than CONC at 1H, 
D1, D2, D3, and D4, while ECC2 showed significant differ-
ences from CONC only at 1H and D1 (p < 0.001), indicating 
a quicker recovery than after ECC1 (Figs. 1, 2a). The mag-
nitude of decrease in MVC recorded at 1H was significantly 
correlated with the magnitude of decrease in MVC recorded 
at D2 (r = 0.53, p < 0.01, Fig. 3).

Voluntary activation

No significant differences were found at baseline for VA 
among CONC, ECC1, and ECC2 (p > 0.05). There was a 
significant condition × time interaction (p = 0.001). VA 
decreased immediately after ECC1 (− 22.0 ± 13.7%) and 

ECC2 (− 21.4 ± 12.3%) (p < 0.001), thus highlighting the 
presence of central fatigue, but returned to pre-values at 1H 
(Fig. 4). Conversely, it seems that CONC did not induced 
central fatigue, since no significant reduction in VA was 
observed immediately after this session (− 3.8 ± 11.0%, 
p > 0.05).

Peripheral parameters

A significant condition × time interaction effect was found 
for DB (p = 0.015, pη2 = 0.18). DB decreased (p < 0.05) at 
POST and 1H for CONC (− 35.9 ± 20.0 and − 21.3 ± 17.7%, 
respectively), thus highlighting the presence of peripheral 
fatigue. Even if a trend was observed for a change at POST 
for ECC1 (− 32.6 ± 23.7%, p = 0.10), DB was only signifi-
cantly decreased at 1H for ECC1 and ECC2 (− 30.0 ± 15.7% 
and − 32.6 ± 17.2%, respectively). No significant differences 
were found at each timepoint between CONC and ECC1, 
and CONC and ECC2 (− > 0.05) (Table 2).

While a three-way ANOVA did not show a significant 
interaction effect for the torque–frequency relationship 
(condition × time × stimulation frequencies, p = 0.99), a 
significant condition × time interaction effect was found 
(p < 0.001). POST and 1H measurements were significantly 
decreased when compared with PRE for all the tested fre-
quencies (p < 0.05), without significant (p > 0.05) differences 
between sessions (Fig. 5), thus highlighting the presence 
of peripheral fatigue after each session. When compared to 
PRE, ECC1 resulted in a greater decrease in evoked tor-
ques than CONC at D1 (p = 0.001), reflecting prolonged 
alterations in muscle properties following the first bout of 
eccentric exercise. Conversely, no significant difference 
between CONC and ECC2 was evident at the same time-
point (p > 0.05).

Fig. 3   Relationship between the magnitude of decrease in maximal 
voluntary isometric contraction (MVC) torque (% of PRE values) at 
1 h (1H) and 2 days (D2) after the first (ECC1; white square) and sec-
ond bouts of eccentric exercise (ECC2, black circles)

Fig. 4   Changes in maximal 
voluntary activation assessed 
by interpolated twitch tech-
nique of the knee extensors 
before (PRE), immediately after 
(POST), 1 h after (1H) and 1, 
2, 3, and 4 days (D1, D2, D3, 
and D4, respectively) after con-
centric (CONC), the first bout 
of eccentric (ECC1) and the 
second bout of eccentric exer-
cise (ECC2). Mean ± SD values 
of 12 participants are shown. 
*Significantly different from 
PRE (p < 0.05). #Significantly 
different from CONC (p < 0.05)
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No significant condition × time interaction was found 
for 10 Hz/100 Hz ratio (p = 0.16), while there was a main 
time effect (p < 0.001), meaning that prolonged low-
frequency force depression was not influenced by the 
type of exercise (i.e., concentric or eccentric). Indeed, a 

significant decrease of 10 Hz/100 Hz ratio at POST and 
1H was evident for CONC, ECC1, and ECC2 (p < 0.05), 
as shown in Table 2. As displayed in Table 2, no modi-
fications were observed for MMAX on the VL and the RF 
(p > 0.05, pη2 = 0.10).

Table 2   Changes in low-frequency fatigue ratio (10/100 Hz), poten-
tiated double amplitude (DB) and vastus lateralis and rectus femoris 
M-wave amplitude (VL and RF MMAX, respectively) before (PRE), 
immediately after (POST), 1 h after (1H) and 1, 2, 3, and 4 days (D1, 

D2, D3, and D4, respectively) after concentric (CONC), the first 
bout of eccentric (ECC1) and the second bout of eccentric exercise 
(ECC2)

Mean ± SD values of 12 participants are shown. *Significantly different from PRE (p < 0.05). #Significantly different from CONC (p < 0.05)

PRE POST 1H D1 D2 D3 D4

10/100 Hz (%)
 CONC 40.4 ± 10.1 22.5 ± 8.0* 26.8 ± 9.7* 37.7 ± 11.3 39.5 ± 10.8 36.8 ± 10.7 38.2 ± 9.6
 ECC1 39.2 ± 14.5 22.1 ± 7.9* 20.9 ± 9.8* 33.4 ± 11.0 41.1 ± 17.9 43.0 ± 13.9 41.7 ± 7.1
 ECC2 38.9 ± 11.0 26.6 ± 8.2* 18.0 ± 7.1* 34.6 ± 9.7 40.5 ± 8.6 42.5 ± 11.9 41.4 ± 13.7

DB (Nm)
 CONC 94.3 ± 21.1 60.4 ± 20.2* 74.2 ± 17.6* 86.6 ± 19.3 93.3 ± 15.4 87.6 ± 14.8 89.8 ± 18.1
 ECC1 89.4 ± 21.1 71.8 ± 28.1 62.5 ± 15.7* 76.7 ± 18.3 83.5 ± 16.7 83.1 ± 19.8 85.5 ± 13.7
 ECC2 86.5 ± 14.4 75.3 ± 22.4 58.2 ± 17.2* 79.1 ± 19.3 81.1 ± 20.1 91.7 ± 18.3 91.9 ± 20.8

VL MMAX (mV)
 CONC 6.9 ± 3.5 6.8 ± 4.2 6.2 ± 3.6 6.3 ± 4.1 7 ± 3.8 6.6 ± 4.4 6.8 ± 2.6
 ECC1 8.4 ± 3.8 7.9 ± 4.2 6.8 ± 3.4 7.5 ± 3.6 8.4 ± 3.9 8 ± 4.4 8.2 ± 4.7
 ECC2 9.1 ± 4.2 8.6 ± 4.2 6.4 ± 3.5 8.6 ± 4.1 9.6 ± 4.3 9.6 ± 4.2 9.4 ± 4.4

RF MMAX (mV)
 CONC 5.7 ± 3.9 5.1 ± 3.5 5.0 ± 3.2 5.4 ± 4.1 5.0 ± 3.4 5.2 ± 2.6 4.7 ± 1.9
 ECC1 5.5 ± 3.8 5.4 ± 3.4 5.1 ± 3.4 5.2 ± 3.1 5.0 ± 3.1 4.8 ± 3.1 4.8 ± 3.4
 ECC2 6.8 ± 4.0 5.6 ± 3.4 5.5 ± 2.0 5.6 ± 2.1 6.1 ± 2.2 6.0 ± 2.5 6.6 ± 2.7

Fig. 5   Torque–frequency relationship assessed by electrical muscle 
stimulation before (square), immediately after (diamond), 1  h after 
(circle) and 1 day after (triangle) concentric (CONC), the first bout of 
eccentric (ECC1) and the second bout of eccentric exercise (ECC2). 

Mean ± SD values of 12 participants are shown. *Significantly dif-
ferent from PRE (p < 0.05). #Significantly different from CONC 
(p < 0.05)
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Discussion

The present study compared changes in neuromuscular 
parameters after concentric versus eccentric exercise of 
the knee extensors resulting in the same level of decrease 
in MVC torque immediately post-exercise, i.e., decrease of 
at least 40% MVC. We hypothesised that the contribution 
of central and peripheral parameters in the MVC decrease 
would be different between concentric and eccentric exer-
cises and that neuromuscular adaptations after ECC1 
would decrease the changes in the parameters after ECC2. 
The present study confirmed the hypotheses and showed 
that the contribution of central and peripheral factors asso-
ciated with the decreases in MVC torque was clearly dif-
ferent between CONC and ECC. When comparing between 
ECC1 and ECC2, the magnitude of muscle damage was 
lower after ECC2.

The mean torque produced in the exercise was sig-
nificantly greater during ECC1 (234.7 ± 55.2 Nm) and 
ECC2 (225.6 ± 45.1 Nm) when compared with CONC 
(118.9 ± 23.1 Nm). Consequently, the work produced in 
the exercise was significantly greater for both ECC ses-
sions than CONC, indicating that more work was produced 
during ECC to induce the same decrement of MVC torque. 
During eccentric contractions, the active muscles resist 
to a higher external torque than the torque developed by 
the active motor units (Enoka 1996). Once all motor units 
are recruited, the maximal torque is higher for eccentric 
than concentric contraction for the same angular velocity 
(Åstrand et al. 1994). This is mainly due to the lengthen-
ing of the elastic structures of the muscle–tendon com-
plex, adding a torque to the one already produced by the 
activated muscle fibres (Guilhem et al. 2010). This also 
leads to a lower energy cost for eccentric contractions 
than in concentric contractions. Middleton and Montero 
(2004) reported a preservation of phosphagen (e.g., aden-
osine triphosphate, phosphocreatine) during eccentric 
contractions.

It seems likely that neuromuscular fatigue plays a major 
role in the decreases of MVC torque immediately and 1 h 
after eccentric exercise in addition to muscle damage. 
MVC torque decreased at POST and 1H for ECC1 and 
ECC2, but only at POST for CONC (Fig. 2). Behrens et al. 
(2012) reported 16% decrease of VA immediately after 
100 maximal voluntary concentric-eccentric contractions 
of the knee extensors. Prasartwuth et al. (2005) showed 
19% decrease in VA immediately after eccentric exer-
cise of the elbow flexors that resulted in 40% decrease in 
MVC. A significant decrease in VA measured by electrical 
stimulation at the motor point (− 28%), and transcranial 
magnetic stimulation (− 19%) was reported immediately 
after 30 maximal eccentric contractions of the elbow 

flexors (Goodall et al. 2017). In the present study, VA sig-
nificantly decreased approximately 20% at immediately 
after ECC1 and ECC2 only. The magnitude of decrease 
in VA at immediately after ECC appears comparable to 
that reported in the previous studies shown above. Babault 
et al. (2006) showed a decreased VA after three sets of 
30 concentric leg extensions (1st − 11.2%, 2nd − 15.2% 
and 3rd − 27.0%). However, the present study did not find 
any decrease in VA after CONC. This discrepancy may 
be due to the methodological difference in the VA assess-
ment. Babault et al. (2006) assessed the VA during the last 
dynamic concentric contraction, while in our study VA 
was assessed during maximal isometric contraction after 
concentric exercise, with a 5–10 s period of rest between 
the end of the exercise and the VA measurement. It has 
been documented that neuromuscular assessment must 
be performed as soon as possible after exercise termina-
tion to be a reliable estimate of neuromuscular fatigue 
(Froyd et al. 2013). However, Bigland-Ritchie et al. (1978) 
reported that central mechanisms of acute muscle fatigue 
recover in about 3 min, so changes in VA should have been 
expected after 5–10 s of the end of the concentric exercise. 
Considering these conflicting results, future studies should 
be conducted to give more insight on VA after repeated 
concentric contractions.

One might assume that muscle soreness associated with 
muscle damage after ECC was responsible for the decreased 
VA. Nociceptive III and IV afferents may induce modula-
tions at spinal and/or supra-spinal levels that could impact 
the level of VA after ECC (Behrens et al. 2012). However, 
in the present study, the decreases in VA were not observed 
after 1-day post-ECC when muscle soreness developed. 
This suggests no effect of muscle soreness on the capac-
ity for the central nervous system to voluntary activate the 
muscle. Modulations occurring at the spinal level may be 
considered as a plausible explanation for the decreased VA 
after ECC but not CONC. Indeed, it was reported H-reflex 
amplitude decreased during eccentric contractions while 
it was unchanged during concentric contractions in a non-
fatigued state (Duclay and Martin 2005; Duclay et al. 2011). 
Thus, it seems possible that increased spinal modulations 
such as higher presynaptic inhibition exerted on Ia afferents 
terminals (Rudomin and Schmidt 1999), led to a decreased 
VA after ECC1 and ECC2. Lactate measurement could have 
provided more insight on our results, especially because lac-
tate accumulation can significantly increase the response of 
group III and IV nociceptive afferents thus influencing the 
level of voluntary activation after the fatiguing concentric 
or eccentric exercise (Kennedy et al. 2014).

The present study showed a significant reduction of 
electrically evoked torque after each exercise (Table 2). 
DB decreased at POST and 1H for CONC but only at 1H 
for ECC1 and ECC2, while torque–frequency relationship 
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decreased similarly at POST and 1H for CONC, ECC1 and 
ECC2 (Fig. 5). An alteration of the neuromuscular propa-
gation, a failure of the excitation–contraction coupling, a 
modification of substrates reserves or possible modifica-
tions of intracellular environment could likely explain these 
results (Feasson et al. 2006). Nevertheless, the perturbation 
of the neuromuscular propagation does not seem to be a 
valid explanation for the decrease in the electrically evoked 
torque, since no decreases in VL and RF MMAX were found 
immediately and 1 h after CONC, ECC1, and ECC2. An 
alteration of the calcium release via the sarcoplasmic reticu-
lum could explain the evoked torque decrease (Westerblad 
and Allen 2002). Metabolite accumulation (e.g., inorganic 
phosphate, adenosine diphosphate or hydrogen) disturbs 
the calcium release and the excitation–contraction coupling 
(Babault et al. 2006). Although there was no difference in 
the magnitude of the decrease in 10 Hz/100 Hz ratio between 
CONC, ECC1, and ECC2 at POST and 1H, DB was signifi-
cantly reduced at POST after CONC, but not after ECC1 
and ECC2, even if a trend (p = 0.10) for a decrease was 
observed after ECC1. We cannot exclude that this study was 
underpowered to detect (1) significant changes in DB after 
eccentric exercises and (2) higher levels of prolonged low-
frequency force depression (i.e., low-frequency fatigue) after 
eccentric exercise than after concentric exercise, as previ-
ously demonstrated (Iguchi and Shields 2010; Janecki et al. 
2016; Newham et al. 1983). However, our DB-related results 
are in accordance with the finding of Pasquet et al. (2000) 
who showed a greater decrease in evoked torque immedi-
ately after concentric exercise than after eccentric exercise. 
It is possible that an alteration of the excitation–contraction 
coupling process is associated with a higher energy require-
ment during the concentric than in eccentric exercise (Pas-
quet et al. 2000).

In the present study, a prolonged decrease of MVC 
was observed up to 4 days after ECC1, while it was only 
decreased up to 1 h after CONC. These results support the 
findings of the previous study showing that muscle damage 
is peculiar to unaccustomed eccentric exercise (Coudreuse 
et al. 2004). The present study observed a strong correla-
tion between the magnitude of decrease in MVC torque at 
1 h after and that at 2 days after ECC, indicating that MVC 
decrement recorded at 1 h post-exercise can be a relevant 
marker of muscle damage (Fig. 3). This is particularly 
relevant for coaches and trainers to evaluate the impact of 
a training session or a match on the neuromuscular system. 
The greater mechanical stress applied on each muscle fibre 
during eccentric contractions may be a major cause of the 
muscle damage (Bigland-Ritchie et al. 1986). Although 
muscle damage is related to the exercise intensity and 
volume (Nosaka and Newton 2002), it should be noted 
that the total work was significantly greater for ECC than 
CONC. We cannot exclude the possibility that the greater 

damage shown after ECC1 compared to CONC was due to 
the difference in work quantity. Further research is needed 
to assess if muscle damage is still greater after eccentric 
than after concentric exercise of equal work quantity.

It is important to note that the prolonged decreases 
in MVC torque after ECC1 were mainly due to altera-
tions of the peripheral factors, while central factors do 
not seem to be altered, since the VA level returned close 
to the baseline already at 1 day after ECC1. However, this 
result appears inconsistent with the studies reporting a 
prolonged decrease of VA up to one (Goodall et al. 2017; 
Prasartwuth et al. 2005) and 2 days (Racinais et al. 2008) 
after eccentric exercise of the plantar flexors or the elbow 
flexors, respectively. Racinais et  al. (2008) suggested 
that a supra-spinal modulation of muscle activation was 
associated with the prolonged decreases in VA, since the 
H-reflex was not affected by the eccentric exercise. Albeit 
speculative, these discrepancies to our results may be due 
to the fact that the eccentric exercise performed on an 
isokinetic dynamometer in the current study was unusual 
for the participants, contrary to the study of Racinais et al. 
(2008) using daily movement (i.e., walking) on a treadmill.

The decrease in the torque–frequency relationship 
remained up to 1 day after ECC1, while the values returned 
close to the baseline after CONC (Fig. 5), which confirmed 
that the prolonged MVC decrease was mainly attributed to 
peripheral alterations. Dundon et al. (2008) explained that 
the damage to the muscle fibre membrane could alter the 
amplitude or frequency of the sarcolemma action poten-
tial, which may influence the summation of the muscle 
fibre action potentials (Coudreuse et al. 2004; Proske and 
Allen 2005) and the amplitude of the electrically evoked 
torque. However, it is unlikely that such alterations could 
have explained our results since no significant changes 
were reported in VL and RF M-wave amplitude (Table 2) 
as well as in VL M-wave duration (data not shown).

The adaptations induced by the initial eccentric exer-
cise attenuate muscle damage after the second bout of the 
same eccentric exercise, which is known as the repeated 
bout effect (McHugh 2003; Chen and Nosaka 2006; Guil-
hem et al. 2010; Goodall et al. 2017). In the current study, 
MVC torque, muscle soreness, and force–frequency rela-
tionship were less impacted after ECC2 than ECC1, sug-
gesting that some neuromuscular adaptations occurred 
after ECC1, leading to less muscle damage after ECC2. 
It is important to note that some indications of muscle 
damage were still present after ECC2, which were not 
observed after CONC. Mechanical adaptations such as 
cytoskeletal protein reorganisation responsible for align-
ing the sarcomere structure (i.e., titin and desmin) and/or 
remodelling of extra cellular matrix including connective 
tissue surrounding muscle fibres and fascicles, are associ-
ated with the repeated bout effect (Hyldahl et al. 2017), 
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which may allow a better dissipation of the mechanical 
constraint (Lapier et al. 1995).

In conclusion, this study showed that the origins of 
decrease in MVC torque were different between concentric 
and eccentric exercises when the magnitude of MVC torque 
change was matched. The decrease of MVC after CONC 
was mainly attributed to peripheral mechanisms while the 
same decrease observed after ECC1 and ECC2 was attrib-
uted to both peripheral and central mechanisms. Moreover, 
the repeated bout effect appears to be associated mainly with 
peripheral adaptation mechanisms.
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