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Abstract

Purpose The present study compared isometric, concentric and eccentric contractions at the same torque-time integral for
changes in neuromuscular fatigue and muscle damage parameters.

Method Healthy men (18-24 years) were placed to either isometric (ISO), concentric (CONC), or eccentric (ECC) group
(n=11/group) that performed corresponding contractions of the knee extensors to exert the same amount of torque-time
integral (24,427 +291 Nm:-s). Changes in maximal voluntary contraction (MVC) torque, voluntary activation, evoked torque
at 10 Hz and 100 Hz and its ratio, M-wave amplitude, and muscle soreness were assessed immediately before and after, 1 h,
1 day and 2 days after each exercise, and were compared among the groups.

Results MVC torque decreased immediately after ISO (— 17.0+8.3%), CONC (— 21.7 £ 11.5%) and ECC (— 26.2 + 15.6%)
similarly (p =0.35), but the decrease sustained longer (p <0.05) for ECC (2 days post-exercise: — 12.9 +14.8%) and ISO
(= 5.5+£7.9%) than CONC (+5.0+ 11.0%). Muscle soreness developed after ECC (25.1 +£19.8 mm) and ISO (17.5+21.0 mm)
similarly (p=0.15). Voluntary activation decreased immediately (— 3.7 +6.6%) and 1 h post-exercise (— 4.7 +7.6%) for
all groups similarly. Electrically evoked forces decreased greater immediately (— 30.1+15.6%) and 1 h post-exercise
(— 35.0+12.8%) for ECC than others, and the decrease in 10/100 Hz ratio was also greater immediately (— 30.5 +12.6%)
and 1 h after ECC (- 23.8+10.3%) than others.

Conclusion ISO, CONC and ECC with the same torque-time integral produced similar neuromuscular fatigue at immediately
post-exercise, but the force loss was longer-lasting after ISO and ECC than CONC, and the changes in peripheral fatigue
parameters were the greatest after ECC, suggesting greater muscle damage.
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Introduction

A decrease in performance with an increase in perception
of effort is observed during and/or after exercise (Ansdell
and Dekerle 2020). This is generally described as “fatigue”
that is defined as a reduction of the capacity to produce a
power or strength (Bigland-Ritchie and Woods 1984) and
is generally determined by a decrease in maximal volun-
tary contraction (MVC) strength (Place et al. 2006). Neu-
romuscular fatigue is caused by a combination of central
(cortical and/or spinal-motoneuronal circuits) and periph-
eral (beyond the neuromuscular junction) mechanisms.
When a loss of MVC strength persists for several days
following a bout of exercise, it indicates the presence of
muscle damage (Paulsen et al. 2012).

Neuromuscular fatigue and muscle damage are largely
task dependent (Enoka and Stuart 1992), particularly
affected by muscle contraction types (Ochi et al. 2016).
It is well documented that eccentric (lengthening) con-
tractions produce a greater decrease of MVC force than
isometric or concentric (shortening) contractions, and the
loss of force generation capability persists longer follow-
ing eccentric contractions due to a greater extent of muscle
damage (Byrne et al. 2004). The greater force production
during eccentric contractions leads to greater increases
in muscle strength and muscle hypertrophy in resistance
training (Roig et al. 2009). Pasquet et al. (2000) compared
the neuromuscular changes after 150 maximal voluntary
concentric (CONC) and eccentric contractions (ECC) of
the elbow flexors at the same angular velocity and range
of motion. The authors reported that CONC resulted in
greater decreases in elbow flexor torque and biceps brachii
electromyogram (EMG) activity at the end of the exercise
when compared with ECC that did not change voluntary
activation, suggesting that the central fatigue was greater
after CONC than ECC. Kay et al. (2000) compared maxi-
mal ECC, CONC and isometric contractions (ISO) with
the same contraction time (100 s), and showed that only
CONC and ISO induced a decrease in MVC at the end of
the exercise. However, in these studies (Kay et al. 2000;
Pasquet et al. 2000), no measurements were taken beyond
immediately post-exercise, and importantly the fatigue at
the end of each exercise was not equal among different
muscle contraction types.

To avoid this limitation, Babault et al. (2006) induced
a similar MVC torque reduction (~ — 60%) immediately
after repeated muscle contractions of the knee extensors to
compare ISO and CONC for changes in central and periph-
eral parameters from pre- to post-exercise. They reported
that voluntary activation and EMG activity were lower in
ISO than CONC, indicating a greater central fatigue for
ISO than CONC, but contractile properties represented
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by doublet twitch amplitude and relaxation were more
impaired after CONC than ISO. However, they did not
include ECC in the comparison. This approach could pro-
vide a better picture for the neuromuscular fatigue and
muscle damage profiles among CONC, ISO and ECC.

It is well documented that ECC induces greater muscle
damage than CONC or ISO (Kroon and Naeije 1991). Ochi
et al. (2016) reported that 5 sets of 6 maximal contrac-
tions of the elbow flexors produced greater muscle damage
after ECC than CONC, demonstrated by more prolonged
decreases in elbow flexors torque, greater delayed onset mus-
cle soreness (DOMS) and increase in creatine kinase (CK)
activity in the blood. It has also been reported that ISO at a
long muscle length induces greater MVC torque decreases
and DOMS than that at a short muscle length (Allen et al.
2018), indicating that ISO contractions at a long muscle
length could also induce muscle damage. The same num-
ber of maximal muscle contractions produces an unequal
level of fatigue given that ECC produces greater torque than
ISO or CONC. Souron et al. (2018) matched the magni-
tude of decrease in MVC torque immediately post-exercise
(= 40%) between CONC and ECC, and found that MVC
torque decreased greater for 5 days after ECC than CONC,
and DOMS was greater for ECC than CONC. However, the
work produced during ECC (16,000 + 6500 kJ) was much
greater than that of CONC (8100 +2700 kJ) in the study.

To the best of our knowledge, no previous studies have
compared between ISO, CONC, and ECC with the same
torque-time integral for changes in neuromuscular param-
eters after exercise. The aim of this study was therefore to
compare ISO, CONC and ECC of the knee extensors with
the same amount of torque-time integral for changes in neu-
romuscular indices (central and peripheral factors) before
and up to 2 days post-exercise. It was hypothesized that the
loss of MVC torque immediately after CONC exercise would
be greater than others, but muscle damage would be greater
after ECC than CONC or ISO.

Methods
Participants

Male sport science students (n =33, average age:
21.1+1.9 y; body mass: 73.4+8.9 kg; height:
178.7 +6.6 cm) who did not have an injury or muscu-
loskeletal disorder of the right leg participated in this
study. They were not engaged in resistance training in
the last 6 months prior to the study. All participants were
informed about the risks and discomfort associated with
the experimental procedure before giving their written
consent to participate. This study was conducted in con-
formity with the declaration of Helsinki and approved
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by the local ethics committee of the University of
Nantes. To quantify their level of physical activity, par-
ticipants answered the International Physical Activity
Questionnaire (IPAQ). The sample-size was calculated
using G*Power (version 3.1.9.2; Kiel University, Kiel,
Germany), based on an expected “medium” effect size
(f=0.25) for a difference in MVC torque changes at
1 day post-exercise among ISO, CONC and ECC, with a
level of 0.05, power (1 — ) of 0.8 and correlation among
repeated measures of 0.85. No significant differences
among the groups were observed for age, body mass,
height, MVC torque and IPAQ (Table 1).

Experimental design

All participants attended a familiarization session in
which anthropometric measures were taken and isometric
MVC torque was measured at two different angles (90 °
and 110 ° knee flexion). Based on these measurements,
the participants were placed in one of the three groups;
isometric (ISO), concentric (CONC) or eccentric (ECC)
group by considering anthropometric characteristics and
the MVC torque to be similar among the groups as much
as possible. Each participant performed only one session
of either isometric, concentric, or eccentric contractions
of the knee extensors. This study design was chosen to
limit the bias of the influence of the repeated bout effect,
which could attenuate the MVC torque loss after exer-
cise (McHugh 2003). Neuromuscular measures includ-
ing MVC torque, voluntary activation and evoked torque,
M-wave and ratio 10 Hz/100 Hz were performed before
(PRE), immediately after (POST), 1 h (POST1), 24 h
(POST24) and 48 h (POST48) after each exercise (ISO,
CONC, ECC) performed at the same amount of torque-
time integral. Muscle soreness was also assessed at the
same time points except POST.

Table 1 Characteristics of participants (mean+SD) in the isomet-
ric (ISO), concentric (CONC), and eccentric (ECC) exercise groups
including maximal voluntary contraction torque of the elbow flexors

Exercise protocol

In ISO, CONC, and ECC sessions, each participant per-
formed several sets of 10 contractions. To match the total
work among the groups, the number of sets varied among
the exercises, based on the amount of work performed by the
first participant of a group of three participants. Souron et al.
(2018) showed that the work was approximately twice in
ECC than CONC for the knee extensors, and maximal torque
produced by ECC was 30-50% greater than ISO (Duchateau
and Enoka 2016). Thus, when the CONC condition was per-
formed first in a group of three participants, 15 sets were
performed, however, when ECC and ISO were performed
first in a group, 8 and 10 sets were performed, respectively.
The torque-time integral during the first exercise (e.g., 15
sets of 10 concentric contractions) was analyzed in real-time
with a MatLab script for a participant, and the number of
sets was modulated for a participant in ISO, and another
participant in ECC group for the torque-time integral to
be similar for the three participants in the group. Thus, the
torque-time integral was matched for a group of three par-
ticipants who performed either ISO, CONC or ECC, and
this was repeated for ten more groups. For example, when a
first participant performed 15 sets for the CONC (the total
torque-time integral: 27,084 Nm:-s), the second participant
performed 9 sets for the ECC (26,150 Nm:-s) for the torque-
time integral to be close to that of the first participant, and
the third participant performed 10 sets for the ISO (26,286
Nm-s) for the torque-time integral to be close to those of the
first two participants.

CONC and ECC contractions were performed at 60°/s
over a range of motion of 100 ° from 120 ° to 20 ° of knee
joint angle (0 °=full extension) and from 20 ° to 120 °
of knee joint angle, respectively, with a 90-s rest period
between sets. This angular velocity was reported to be
highly reproducible (Pincivero et al. 1997). ISO contrac-
tions were performed at 90 ° of knee joint angle with the

(MVC), international physical activity questionnaire (IPAQ), the total
number of contractions performed in the exercise, and the torque-time
integral in the exercise performed

1SO CONC ECC

(n=11) (n=11) (n=11)
Age (years) 21.1+2.4 21.1+1.8 21.1+2.0
Height (cm) 178.7+5.3 178.9+7.1 178.5+7.9
Weight (kg) 74.1+8.8 72.2+10.6 74.0+7.8
MVC (Nm) 225.0+43.2 225.1+49.7 225.8+51.4
IPAQ score (MET-minutes/week) 4655 +2982 5687 +3339 4737+2303
Contraction numbers 100.0+15.5* 135.5+22.5 96.4 +15.0%
Torque-time integral (Nm.s) 24,474 + 6553 24,692 + 6568 24,117 +6338

*Significantly different from CONC (p <0.05)
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same contraction time (i.e., 1.6 s) and rest period (90-s) as
those of CONC and ECC using audio feedback.

Neuromuscular tests

Each participant sat on an isokinetic dynamometer (CM V-
AG, Diibendorf, Switzerland) with 85 ° hip flexion (full
hip extension=0 °) and 90 ° knee flexion (full knee exten-
sion=0 °). The right knee axis was aligned with the
dynamometer rotation axis. The participant was firmly fas-
tened with belts to avoid the trunk movements and was asked
to keep his arms crossed during all contractions. Torque and
angular position were digitized by digital converter module
(Delsys® Inc., Boston, MA, USA), sampled in real-time at
2000 Hz in a data acquisition software (NeuroEval©, Uni-
versity of Nantes, Nantes, France). All contractions (neuro-
muscular tests and exercise protocol) were performed with
this position.

Surface electromyography

After skin preparation, a pair of circular electrodes (diam-
eter=1 cm, ADInstruments Pty Ltd) were placed over vas-
tus lateralis (VL) and vastus medialis (VM) according to
the SENIAM recommendation, and the ground electrode
(diameter =1 cm, ADInstruments Pty Ltd) was placed on the
patella. EMG signal was amplified via a biosignal amplifier
(g.BSamp 0201a, Guger Technologies, Schiedlberg, Austria;
bandwidth =2-1000 Hz, gain=1000), sampled at 5000 Hz
in a data acquisition software (NeuroEval©, University of
Nantes, Nantes, France). The location of electrodes was
marked on the skin by using black marker for the following
sessions.

Electrical stimulation

The femoral nerve was stimulated using a circular cath-
ode (diameter =1 cm, ADInstruments Pty Ltd) placed on
the femoral triangle, and the anode (5 X9 cm; Chattanooga
Medical Supply Inc. USA) placed under the gluteal fold.
Electrical impulses of single and paired (10 Hz and 100 Hz)
were software-triggered using a constant-current stimulator
(Digitimer DS7A, Digitimer Ltd, Hertforshire, UK). Rectan-
gular pulses with 1-ms duration and 400 V maximal output
voltage were applied. Constant pressure was applied on the
cathode during stimulations (Cattagni et al. 2018). Ramp
of electrical nerve stimulation of 10 mA increment were
evoked until the optimal intensity of stimulation inducing
maximal M-wave and twitch torque amplitudes was found.
This optimal intensity of stimulation was then increased by
20% to obtain supramaximal intensity.

@ Springer

Maximal isometric voluntary contraction

After a standardized warm-up protocol consisting of sub-
maximal ISO and CONC contractions at 30-80% of MVC,
each participant performed 3 isometric MVC at 90 ° for
4 s interspaced by a 90-s rest period. This angle (90 °) was
chosen because it represents the angle where the torque
produced during isokinetic (CONC or ECC) contractions
was close to the maximal. Strong verbal encouragements
were given to each participant, and the participants were
asked to reach their maximal force as fast as possible. The
first MVC was performed without electrical stimulations
whereas electrical stimulations were applied in the follow-
ing two MVC measures. MVC with the best peak torque
was used for further analyses.

During the second and third MVC, stimulations were
evoked during and after the MVC. When the MVC torque
plateaued, paired stimulations (100 Hz) were superim-
posed to quantify voluntary activation (see below). At the
end of the MVC (4 s after), potentiated paired stimula-
tion (100 Hz) was evoked following by 2 s after a second
potentiated paired stimulation (10 Hz) to assess low-fre-
quency fatigue. Then, single stimulation was evoked (2 s
after) to obtain M-wave.

During exercise protocol, paired stimulations (100 Hz)
were also evoked at the fifth contraction of each set. For
CONC and ECC, stimulations were delivered at 75 °
degrees. At the end of each set, a single stimulation was
evoked to assess electrical and contractile properties. To
evaluate the recovery rate of the MVC torque, the changes
in the MVC torque from immediately to 1 h post-exer-
cise as well as immediately to 1 day post-exercise were
calculated.

Voluntary activation

Voluntary activation level was calculated with the follow-
ing formula for neuromuscular measurements (Allen et al.
1995):

VA = [1 - (%)] % 100

where VA is the voluntary activation level; A represents the
amplitude of the superimposed doublet torque, B represents
the amplitude of the potentiated doublet torque. If the elec-
trical stimulation was not delivered at peak torque, Strojnik
and Komi (1998) correction was used to calculate voluntary
activation with the following formula:

(A * (Tstim * MVC))
B

1- * 100
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where Tistim represents torque at stimulation time. MVC rep-
resents maximal voluntary peak torque.

During the CONC and ECC protocols, the superim-
posed torque was calculated by subtracting evoked torque
and torque if there was not a stimulation at the angle of
evoked torque. This extrapolated torque could be estimated
via torque data linear extrapolation intervening 50-ms before
the stimulation (Babault et al. 2001). Voluntary activation
during exercise (ECC, CONC, ISO) was calculated using the
central Activation Ratio (CAR):

Text
CAR = < = .m”> % 100
Tsurimp

where Textrap represents an extrapolated torque and
Tsurimp represents a superimposed torque.

Electrical and contractile properties

Single stimulation at rest was delivered to obtain M-wave
properties (first phase amplitude and duration). Potentiated
doublet stimulation was used to investigate contractile prop-
erties (peak twitch torque and time to peak) of knee exten-
sors. In addition, 10/100 Hz ratio was assessed to evaluate
low-frequency fatigue (Edwards et al. 1977). All the evoked
responses were chosen from the stimulated MVCs with the
best peak value for different testing sessions, except for
POST and POSTH1 where the first stimulated MVC was
selected to minimize recovery effects.

Muscle soreness

Muscle soreness was assessed with a 100-mm visual analog
scale (VAS), where 0 corresponds to “no pain” and 100 to
“extremely painful”. The participants reported their subjec-
tive soreness on the VAS after being palpated. Palpation
was always made by the same investigator with identical
pressure of 2-s being applied successively on rectus femoris
(RF), vastus medialis and vastus lateralis. All of these meas-
ures were carried out at pre- and post-exercise (POSTHI,
POSTDI, POSTD2).

Statistical analyses

Analyses were performed with Statistica® 8.0 (Statsoft Inc,
Tulsa, OK, USA). The normality of the data was tested by
Kolmogorov—Smirnov. The participants’ characteristics
were compared among the groups using one-way measure
ANOVA. Since the number of sets that were performed in
the exercise were different among participants and condi-
tions (7-15 sets), the number of sets were divided into 4
sections (every 25% of the total number of sets). To com-
pare changes in mechanical and EMG parameters during

exercise among the three contraction types, a two-way
ANOVA was used for the condition (ISO, CONC, ECC)
X section (baseline: 0, 25%, 50%, 75%, 100%) interaction
effect. Changes in the neuromuscular fatigue and indirect
markers of muscle damage parameters (MVC torque, VA,
Potentiated doublet properties, 10/100 Hz ratio, M-wave
properties, muscle soreness) before (PRE), immediately
after (POST), 1 h (POSTH1) and 1 (POSTD1) and 2 days
after exercise (POSTD2) were compared among the three
contraction types (ISO, CONC, ECC) using two-way
repeated measures ANOVA. One-way ANOVA was also
used to compare the recovery rate of MVC torque from
immediately to 1 h as well as 1 day post-exercise among
ISO, CONC and ECC. When a significant time or interac-
tion effect was found, post-hoc analysis was made by Fisher
LSD test. Partial eta square was calculated to assess effect
size, with 0.07 and 0.14 for medium and large effect size,
respectively (Cohen 1988). Cohen’s dz effect sizes are also
reported with d,=0.2, d,=0.5 et d,=0.8 for small, moderate
and large effect size, respectively (Cohen 1988). For all tests,
significance level was set at p <0.05. Data are presented as
mean values + standard deviation (SD).

Results
Exercise

No significant difference in the torque-time integral (p =0.97,
pry2=0.4) was evident among ISO (24,474 + 6553 Nm.s),
CONC (24,692 + 6568 Nm.s) and ECC (24,117 +6338
Nm.s) groups as planned, but the total number of con-
tractions was greater for CONC (135.5+22.5) than ECC
(96.4+15.0) (p<0.01, d,=2.08) or ISO (100.0+ 15.5)
group (p <0.01, d,=1.86). The two-way ANOVA showed a
significant time effect (F, 1,,=2.96, p <0.05, Pryz =0.09) for
changes in torque over time (Fig. 1A), but no group (contrac-
tion type) X time interaction effect (Fg 150=1.98, p=0.54,
p172 =0.12). Compared to the first set, torque was significantly
decreased at the end of the exercise for all types of contrac-
tions (p <0.05, d,=0.79). The rate of decrease from baseline
to the end of exercise was significantly different between
contraction types (Fy30=3.48,p< 0.05, [,172 =0.20). Post-hoc
analysis revealed a significantly greater rate of decrease in
voluntary torque for CONC than ECC (p <0.05, d, = 0.97)
without a significant difference between CONC and ISO
(p=0.06, d, = 0.36). A contraction effect (F, 35=3.85,
p<0.05, pl72 =0.20) showed that the torque produced during
ECC was greater than that of CONC (p <0.05, d,=0.74), but
was not different from that during ISO (p=0.07, d,=0.68).
Peak twitch torque was significantly reduced after 25% of
the total number of contractions (— 5.9+ 14.3%; p <0.05,
d,=0.81) as well as for other sections (50%, 75%, 100%)
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Fig. 1 Changes (mean+SEM) in torque (A), peak twitch (B), vol-
untary activation (C) assessed during isometric (ISO), concentric
(CONC), and eccentric (ECC) exercise at 25, 50, 75, and 100% of the
total contractions performed in each exercise. *Significantly differ-

throughout the exercise (— 14.7+16.3%, — 21.2 +17.3%,
and — 25.0 + 18.0%, respectively, p <0.001, d, ranged from
1.80 to 2.78) (Fig. 1B). No significant differences among
ISO, CONC and ECC were observed for voluntary activation
during exercise (Fig. 1C).

Changes in neuromuscular fatigue and indirect
markers of muscle damage parameters

MVC torque

As shown in Fig. 2 and 3A, a significant contrac-
tion type X time interaction (Fg.120= 3.44, p<0.05,
p172=0.18) was found. MVC torque decreased at imme-
diately after ISO (- 17.0+8.3%, d,=4.08, p <0.001),
CONC (- 21.7+11.5%, d,=3.77, p<0.001) and ECC
(—26.2+15.6%,d,=3.37, p<0.001), without a significant
difference among the groups. However, MVC torque was
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ent from 0% (p <0.05). *Significantly different from 25% (p <0.05).
“Significantly different from 50% (p <0.05). *Significantly different
from ISO (p <0.05)

significantly lower at POSTH1 for ECC (- 23.9% +10.2%)
than both ISO (— 14.2 +6.7%) and CONC (- 9.9 +9.4%)
(d,=0.90, p<0.05 vs ISO; d,=1.16, p < 0.05 vs CONC).
MVC torque was lower for ECC and ISO than CONC at
POSTDI1 (d,=1.41, p<0.001, d, = 1.61, p<0.05) and
POSTD2 (d,=1.12, p<0.001, d, = 1.11, p <0.05). How-
ever, no significant difference was found between ECC
and ISO condition at POSTD1 (p =0.09) and POSTD2
(p=0.12) (Fig. 3A). No significant difference among
ISO, CONC and ECC was observed for the recovery
rate of MVC torque from immediately to 1 h post-exer-
cise (Fy30=2.26, p=0.12, ,;*=0.13). However, the
recovery rate from immediately to 1 day post-exercise
was significantly different between ISO, CONC and
ECC (F,;,=4.85, p=0.01, p172 =0.24). Post hoc analy-
sis revealed a significant faster recovery rate for CONC
compared to ISO (p <0.01, d, = 1.2) or ECC (p <0.05,
d, = 1.00).
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Fig.2 Typical traces of a representative participant for the changes of the maximal voluntary contraction (MVC) torque and evoked torque
before (PRE), immediately (POST) after and 1 day (D1) after isometric (ISO), concentric (CONC), and eccentric (ECC) exercise

Voluntary activation

No significant type x time interaction effect was found
for voluntary activation, but a significant time effect
(Fy120=11.72, p<0.001, p172=0.28) was observed. When
compared to PRE, voluntary activation was significantly
lower at POST (- 3.7+6.6%, p<0.001, d, = 0.61) and
POSTHI (- 4.7+7.6% p <0.001, d,=0.70) for all groups,
without significant differences among groups. No significant
difference was evident for POSTD1 and POSTD2 from PRE.

Potentiated doublet properties

A significant contraction type X time interaction effect
(Fg 120=3.62, p<0.001, p172=0.19) was found for changes
in the doublet peak torque amplitude (Fig. 3B). Doublet
peak torque amplitude was significantly lower for ECC
than ISO at POST (p <0.05, d,=0.97) and POSTHI
(»<0.05, d,=1.52). Furthermore, ECC resulted in a sig-
nificantly greater decrease in doublet peak torque amplitude
than CONC at POSTH1 (p <0.001, d,=1.71), POSTDI

(»<0.001, d,=1.35) and POSTD2 (p <0.001, d,=0.74).
Doublet peak torque amplitude was significantly decreased
for ISO and CONC at POST (— 18.4% +8.3%, p<0.001,
d,=4.44 for ISO and — 22.1% +16.4%, p <0.001, d_=2.68
for CONC) and POSTHI1 (- 35.0% +12.8%, p <0.001,
d.=4.03 ECC; — 18.2%+3.5%, p<0.001, d,=7.51 ISO)
from PRE, but the decrease was significantly greater for ISO
than CONC (d, = 1.75, p<0.05) at POSTD1 (Fig. 3B).

For the time to peak torque, a contraction type X time
interaction (Fg 1,0=15.40, p<0.05, pryz =0.26) was observed.
Post-hoc analysis revealed a significant decrease for all
contraction types at POST (ISO: — 11.0+3.4%, CONC:
- 8.3+6.3%, ECC: — 17.2+3.1%, p<0.001, d, ranged
from 2.64 to 11.23) and POSTH1 (ISO: -5.3 +4.0%, CONC:
—3.4+7.1%, ECC: — 12.4+3.6%, p<0.05, d, ranged from
0.95 to 6.83) with greater decrease for ECC at POST (all
p<0.001, d, ranged from 1.89 to 1.90) and POSTHI1 (all
p<0.001, d, ranged from 1.69 to 1.86). At POSTD1, ECC
was significantly lower than CONC (p <0.05, d, = 1.14) but
not different from ISO (p=0.21).
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Fig.3 Changes (mean+SEM) in maximal voluntary contraction
(MVC) torque (A), potentiated peak doublet (B), 10/100 Hz ratio (C),
muscle soreness assessed by visual analogic scale (VAS) (D) before
(PRE), immediately after (POST), 1 h (POSTHI1), 1 (POSTD1)

10/100 Hz ratio

A significant contraction type X time interaction
(Fg.120=2.33, p<0.05, p172 =0.13) was evident for changes
in 10/100 Hz ratio (Fig. 3C). 10/100 Hz ratio significantly
decreased at POST and POSTHI1 for ISO (— 21.4+9.3%,
- 16.5+9.7%, p<0.001, d, ranged from 3.39 to 4.58),
CONC (— 28.1+14.6% et — 16.3+12.8%, p<0.001,
d, ranged from 2.55 to 3.84) and ECC (- 30.5+12.6% et
—23.8+10.3% p<0.001, d, ranged from 4.62 to 4.82) with
a significant difference between ISO and ECC at POST.
However, 10/100 Hz ratio was significantly lower after ECC
than both ISO and CONC at POSTHI1 (p <0.05, d_ ranged
from 0.65 to 0.72), but no significant differences were found
among the contraction types at POSTD1 (Fig. 3C).
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and 2 days (POSTD2) after isometric (ISO), concentric (CONC),
and eccentric (ECC) exercise. *Significantly different from PRE
(p<0.05). *Significantly different from CONC (p<0.05). 'Signifi-
cantly different from ISO (p <0.05)

M-wave properties

A significant time effect (F4 50=2.87, p<0.05, ,n2=0.01)
was found for the VM first phase amplitude. A significant
decrease was observed at POST (p <0.001, d,=1.13) and
POSTHI1 (p <0.05, d,=0.93) from PRE. For VM M-wave
duration, a significant contraction type X time interaction
effect was evident (Fg 1,0=2.41, p<0.05, pl72 =0.14) show-
ing that VM M-wave duration significantly decreased only
for ECC at POST (- 10.3 +6.7%, p <0.05, d,=3.08). How-
ever, M-wave duration increased after ECC (+ 16.4+6.1%,
p<0.001, d,=5.33) and ISO (+9.7+9.9%, p<0.05,
d=1.95) at POSTHI. A significant time effect was observed
with a significant increase for VL M-wave duration at
POSTHI1 (+11.0+24.9%, p <0.05, d=0.91) (Table 2).
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Table2 Changes (mean +5D) PRE POST POSTHI POSTD1 POSTD2
in vastus lateralis (VL) and
vastus medialis (VM) M-wave VL Myax (mV)
first phase amplitude (Myyx) IS0 6.942.6 6.1423 644238 67422 6.9+3.0
and duration (MpR) before
(PRE), immediately after CONC 6.1+3.0 57+2.6 57+3.3 6.0+2.4 6.8+3.3
(POST), 1 h (POSTHI), ECC 6.0+1.8 55+1.9 5.8+29 64+28 6.8+3.2
1 day (POSTDI) and 2 days VM MMAX (mV)
(POSTD?2) after isometric " "
(ISO). concentric (CONC), and 1SO 12.9+3.2 12.7+3.3 12.8+2.7 12.7+3.2 12.7+2.7
eccentric (ECC) exercise CONC 13.3+3.1 12.7 +2.8% 12.1+2.6* 13.0+2.8 12.6+3.3
ECC 12.1+£3.0 10.2+3.0% 10.7 +2.6* 114+3.1 11.4+32
VL Mpg (ms)
1SO 7.7+73 73+22 8.8+2.5% 75+19 73+1.6
CONC 8.3+2.7 74+23 8.9+2.2% 8.6+2.0 89+25
ECC 85+1.7 74+1.6 8.9+2.1% 8.0+1.9 8.3+2.0
VM Mpp (ms)
1SO 70+1.0 69+1.1 7.8+1.6* 7.1+1.2 6.6+1.1
CONC 9.0+2.7 8.2+2.7 8.5+23 8.8+2.4 8.6+2.3
ECC 73+1.0 6.5+0.5% 8.5+1.6*% 7.5+2.0 7.1+1.7

*Significantly different from PRE (p <0.05)

Muscle soreness

A significant contraction type X time interaction (Fg go=35.65,
p <0.05, p172=().27) was evident for changes in muscle
soreness (Fig. 3D). Muscle soreness increased only for
ECC at POST (10.4+£7.4 mm p<0.05, d,=1.92) and
peaked at POSTD1 (26.2+12.6 mm, p <0.001, d,=3.28).
For ISO condition, muscle soreness peaked at POSTD2
(17.5+21.0 mm, p<0.05, d,=1.24). Muscle soreness were
significantly greater after ECC than CONC at POSTD1
(p<0.001, d,=1.43) and POSTD2 (p <0.001, d,=1.72)
while ISO was only significantly higher than CONC at
POSTD2 (p<0.05, d,=1.06).

Discussion

The present study compared neuromuscular fatigue and
muscle damage induced by isometric (ISO), concentric
(CONC), and eccentric (ECC) contractions at the same
amount of torque-time integral. We hypothesized that the
loss of MVC torque immediately after CONC exercise would
be greater than others, but muscle damage would be greater
after ECC than others. Contrary to the hypothesis, the results
showed that (i) the decreases in MVC torque immediately
after exercise were similar among ISO, CONC and ECC,
(i1) MVC torque recovered slower for ECC (POSTD2) and
ISO (POSTD1) than CONC (POSTH1), and (iii) DOMS was
greater for ECC and ISO than CONC. These results did not
support the hypotheses especially for the expected differ-
ences between ECC and ISO, but showed distinct differences

between CONC and ECC for neuromuscular fatigue and
muscle damage profiles.

The exercise protocol was aimed to induce the same
torque-time integral for the ISO, CONC and ECC exer-
cises at maximal intensity. To achieve this, the num-
ber of contractions was smaller for ISO and ECC than
CONC (Table 1), since ISO and ECC contractions pro-
duced greater torque than CONC (Fig. 1A). This was in
line with previous studies showing that ECC produced
higher torque-time integral than CONC, when the level
of fatigue was matched at the end of the exercise (Dundon
et al. 2008; Souron et al. 2018). It should be noted that
number of contractions performed in ECC was approxi-
mately 30% smaller than that of CONC, but similar to
that of ISO (Table 1). This was due to approximately 30%
greater torque production during ECC and ISO when
compared with CONC (Fig. 1A). During ISO, CONC
and ECC, voluntary activation was not changed over time
(Fig. 1C), but evoked torque was progressively reduced
for all exercises without any differences among the three
conditions (Fig. 1B). Previous studies have also observed
similar peak twitch torque reductions among ISO, CONC
and ECC contractions during fatiguing exercise (Babault
et al. 2006; Doguet et al. 2016). This suggests that for
the same torque-time integral, the influence of contrac-
tion types on the evoked torque during repeated maximal
contractions is similar. This was in contrast to the findings
by Babault et al (2006) who reported a greater evoked
torque loss during ISO than CONC exercise. This differ-
ence may be due to the design of the protocol such that the
rest period between sets (60 s) in the study of Babault et al
(2006) was shorter than that of the present study (90 s). It
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should be noted that the similar changes in evoked torque
in the CONC and ECC exercises were induced by a smaller
number of contractions in ECC than CONC. Thus, if the
number of contractions had been matched between ECC
and CONC, the decrease in evoked torque would have been
greater at the end of ECC than CONC exercise. It is also
important to note that voluntary torque was maintained
better during ECC than CON (Fig. 1A), but this was not
shown by evoked torque (Fig. 1B). ECC appears to be
less fatigable than CON and ISO at least for the voluntary
torque.

The magnitude of the decrease in MVC torque imme-
diately post-exercise was similar among ECC (— 26%),
ISO (= 17%) and CONC (— 22%) as shown in Fig. 3A. In
contrast to our results, previous studies reported a greater
decrease in MVC torque after CONC than ECC or ISO exer-
cise for the same time under contractions or the same num-
ber of contractions (Kay et al. 2000; Pasquet et al. 2000).
Souron et al. (2018) and Dundon et al. (2008) showed that
the torque-time integral in ECC was greater than that of
CONC for the same fatigue level (— 40%) after exercise of
the knee extensors and the elbow flexors, respectively. It
should be noted that the rest time between sets was shorter
during the protocol used by Souron et al. (2018; 1 sets of 50
contractions and X sets of 25 contractions/5-s rest between
sets) and Dundon et al (2008; X sets of 10 contractions /20-s
rest between sets) when compared with the present study (X
sets of 10 contractions /90-s rest between sets). In addition,
Pasquet et al. (2000) reported that the torque recovery during
rest period between sets was faster after CONC than ECC
contractions. Therefore, the longer rest between sets could
have minimized the loss of torque in CONC in the present
study. In fact, it was demonstrated that a longer recovery
duration between sets of CONC contractions minimized the
loss of force during exercise (Celes et al. 2010). However,
it is interesting that the voluntary torque decreased greater
in CONC than ECC as shown in Fig. 1. Thus, the similar
loss of MVC torque at immediately post-exercise among
contraction types was probably due to a similar effect of the
combination between fatigue and muscle damage induced
during the exercise as discussed below.

Although the recovery rate of MVC torque from imme-
diately to 1-h post-exercise between contraction types was
similar, a faster recovery rate was found for CONC than
ECC and ISO (Fig. 3A). Chen et al. (2020) reported that
the recovery rate of MVC torque from immediately post-
to 1 day post-eccentric exercise was highly correlated with
the MVC torque levels in the following days and changes
in other indirect muscle damage markers. Thus, the larger
recovery of MVC torque from immediately to 1 day post-
exercise shown after CONC suggests less muscle damage
after CONC than ECC and ISO. It seems likely that CONC
produced mainly acute neuromuscular fatigue, while ECC
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or ISO induced greater excitation—contraction coupling
failure and physical damage to muscle contractile proteins
(Warren et al 2002).

The loss of MVC torque could result from alterations
of central mechanisms. We observed a reduction of vol-
untary activation at POST (- 3.7+ 6.6%) and POSTH1
(— 4.7 +7.6%) without difference among contraction types,
indicating similar central fatigue. The decrease in volun-
tary activation in the present study was smaller than that
observed in the previous studies by Babault et al. (2006)
(27% in CONC and 36% in ISO) and Souron et al. (2018)
(22% in ECC). Clos et al. (2020) showed that voluntary
activation was reduced after ECC but not CONC exercise
of the knee extensors with the same amount of work. The
small number of contractions in a set (n=10) and the long
rest between sets (90 s) could have contributed to the vol-
untary activation preservation found in the present study
(Carroll et al. 2017). It appears that central alterations are
not the main cause of the loss of MVC torque, thus it is
more likely due to peripheral alterations.

The ECC protocol induced a greater decrease of evoked
torque and the time to peak twitch than ISO and CONC at
POST and POSTHI1 (Fig. 3B). Moreover, the 10/100 Hz
ratio remained lower for ECC than CONC and ISO at
POSTHI (- 23.8%). There was an increase in M-wave
duration for the VM and VL at POSTH]1 after ECC and
ISO (Table 2). Previous studies (Babault et al. 2006; Sou-
ron et al. 2018) also reported differences in the altera-
tion in twitch properties following exercise with different
contraction types. The reduction of peak twitch torque,
10/100 Hz ratio (Fig. 3) indicates impairment of the exci-
tation—contraction coupling, which is due to disturbances
in calcium homeostasis such as a reduction of calcium
released by sarcoplasmic reticulum, reduction of myofila-
ment calcium affinity (Fitts 2008) or a calcium accumu-
lation in the sarcoplasm (Armstrong 1984). It has been
documented that ECC induces structural damage to sar-
colemma and reticulum sarcoplasmic, and alters perme-
ability of the cell membrane, which increases intracellu-
lar calcium (Armstrong et al. 1991). This is shown by an
increase in the low-frequency fatigue, which is thought to
reflect an alteration in calcium homeostasis within excita-
tion—contraction coupling (Hill et al. 2001). Disturbance
of excitation—contraction coupling can be also represented
by a decrease in M-wave amplitude (Doguet et al. 2016;
Pasquet et al. 2000), highlighting an alteration of neuro-
muscular propagation or a reduction of sarcolemma excit-
ability (Bigland-Ritchie and Woods 1984). Furthermore,
damage to the sarcolemma and subsequent activation of
stretch-activated ion channels could change sarcolemma
excitability, which may explain the differences observed
in M-wave properties after ECC (Piitulainen et al. 2008).
Thus, it is likely that the ECC induced greater and
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prolonged impairment of the excitation—contraction cou-
pling than other contraction types.

At POSTHI, MVC torque showed a greater decrease after
ECC than other contraction types. According to Paulsen
et al. (2012), MVC torque reduction of around — 20% at
2 days after ECC exercise indicates moderate muscle dam-
age. For the same torque-time integral, the prolonged MVC
torque loss after ECC was similar to that reported by previ-
ous studies (Babault et al. 2006; Dundon et al. 2008; Ochi
et al. 2016). It may be that mechanical and neural specifici-
ties of ECC contractions such as lower activations of the
motor unit or the high external torque (Guilhem et al. 2010)
were the main reasons for the greater and longer-lasting
decreases in MVC torque after ECC than ISO and CONC.
Mean torque during ECC exercise showed that the muscle
was producing high tension during lengthening actions,
which would likely to provoke more alteration and dam-
age in contractile proteins (Guilhem et al. 2016) than ISO
or CONC. The loss of torque after ECC and ISO exercise
was greater at POSTD1 and POSTD?2 than CONC exercise
(Fig. 2). The prolonged loss of torque in the days following
ECC and possibly ISO exercise was likely to be attributed to
failure of the excitation—contraction coupling as discussed
above followed by a progressive degradation of contractile
proteins (Warren et al. 2002). Moreover, we observed a
greater increase of muscle soreness after ECC and ISO at
POSTDI1 and POSTD2 than CONC. It seems that ECC as
well as ISO to a smaller extent, developed damage within
muscular or conjunctive tissues, and triggered an inflam-
matory response that stimulated group III and IV nocicep-
tive afferents and caused a sensation of pain (Cheung et al.
2003).

It is interesting that ISO contractions induced a prolonged
torque loss until POSTD1 and muscle soreness at POSTD2.
This is in contrast to the findings of previous studies (Kroon
and Naeije 1991; Talag 1973) showing low muscle soreness
after ISO exercise, except when isometric contractions were
performed at long muscle lengths (Allen et al. 2018). This
study confirmed that ISO contractions at long muscle lengths
could induce muscle damage as previous studies reported
(Allen et al. 2018; Jones et al. 1989; Philippou et al. 2004).
Over-stretched sarcomeres are more susceptible to physical
disruption due to the lack of interactions between actin and
myosin. In turn, this would produce an unequal distribution
of constraint into muscle fiber, and even if the constraint
is lower in ISO than in ECC, this could provoke structural
lesions (Proske and Morgan 2001). Therefore, over-stretched
sarcomeres may appear similarly within muscle fibers during
ECC and ISO contractions at long muscle lengths, which
would explain greater muscle damage for these two con-
tractions types compared to CONC. The torque produced
during maximal isometric contractions at a long muscle
length may also explain the similar changes in the variables

to those shown after ECC. Previous studies showed that ISO
contraction at a long muscle length could produce similar
(Webber and Kriellaars 1997) or slightly lower torque than
ECC (Doguet et al. 2016). To obtain MVC, large motor units
are likely to be recruited, and it has been shown that fast-
twitch fibers are more susceptible to damage induced by
eccentric contractions (Vijayan et al. 2001). It may be that
the high force applied to over-stretched fast-twitch fibers in
ISO contractions induces similar stress and strain to those
during ECC contractions.

The present study found that the evoked torque recovery
was slower after ECC (— 15.4% at POSTD1) than CONC or
ISO (Fig. 3B). As discussed above, ECC exercise leads to
perturbations such as physical damage or excitation—con-
traction coupling alteration within the muscle (Lieber et al.
1991). Thus, it seems that changes in peripheral function
account for a major part of the strength loss after ECC exer-
cise (Hubal et al. 2007). Thus, evoked torque could be more
suitable than MVC torque to reveal muscle damage, and the
greater and more prolonged decreases in the evoked torque
(Fig. 3B) indicate a greater muscle damage after ECC. It
seems likely that much greater decreases in the evoked
torque would have been observed if the number of eccentric
contractions had been similar to that of CONC.

One of the main limitations of the present study was
the use of isometric MVC to assess neuromuscular fatigue
for all contraction types. Using contraction-mode-specific
MVCs might have provided a more sensitive assessment of
neuromuscular fatigue. Thus, the isometric MVC measures
used in the present study may have induced bias towards the
relatively greater decreases in MVC torque after the ISO
protocol, despite the magnitude of MVC loss being simi-
lar between the three contraction modes. However, whether
using contraction-mode specific MVCs provides a more
sensitive means of detecting muscle fatigue is unknown,
and this presents an interesting area for future research.
The second limitation of the present study was the use of
the stimulation during exercise for CONC and ECC in a
different angle than the angle used during neuromuscular
measurement. Although the neuromuscular measurements
were performed in isometric conditions, the use of the same
knee angle during isokinetic condition could have poten-
tially improved the interpretation of the electrophysiological
parameters.

Conclusion

In conclusion, the present study showed that the magnitude
of decrease in MVC torque immediately after exercise was
similar between ISO, CONC and ECC, but the decrease
was prolonged after ECC and ISO that also induced greater
muscle soreness when compared with CONC, when the
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torque-time integral was matched. Recovery in MVC torque
were not different between ECC and ISO, but changes in
peripheral parameters (M-Wave and twitch properties)
were greater after ECC than ISO, suggesting that excita-
tion—contraction coupling was affected more after ECC than
ISO. Therefore, ECC and ISO at long muscle length induce
greater muscle damage than CONC, and this should be taken
into considerations when using these contractions in a prac-
tical or clinical context.
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