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Abstract

Purpose Changes in elbow flexion torque and biceps brachii electromyogram (EMG) activity over 30 repetitive maximal
voluntary concentric-only (CON-only), eccentric-only (ECC-only), and alternative concentric and eccentric (CON-ECC,
30 concentric + 30 eccentric) contractions were examined to compare their muscle fatigue profiles.

Methods Fifteen healthy young men performed CON-only, ECC-only and CON-ECC in their maximal effort between 10°
and 100° elbow flexion on an isokinetic dynamometer at an angular velocity of 30°/s with a 3-s rest between contractions
in a randomised order with >3 days between conditions. Changes in torque and EMG over the repeated contractions and
maximal voluntary isometric contraction (MVC-ISO) torque with EMG before the first contraction and immediately after
the last contraction were compared among conditions by two-way repeated measures analysis of variance.

Results The torque decreased (p <0.01) from the first to 30th contraction in CON-only (— 49.5+11.0%), ECC-only
(— 32.2+7.4%), and concentric (— 62.3 +8.7%) as well as eccentric phase (— 58.9+9.3%) in CON-ECC (- 46.0+12.3%
overall). The magnitude of the decrease in the torque was greater (p <0.01) for the CON-only than ECC-only, and the con-
centric than an eccentric phase in the CON-ECC. However, MVC-ISO torque decreased (p <0.01) similarly after CON-only
(— 42.9+13.8%) and ECC-only (— 40.1 £9.2%), which was smaller (p <0.01) than CON-ECC (- 56.8 +9.2%). EMG over
contractions decreased (p < 0.01) for all conditions similarly from the first to the last contraction (— 28.5 +26.8%), and EMG
in MVC-ISO also decreased similarly for all conditions (— 24.7 +35.8%).

Conclusion These results suggest greater fatigue resistance in repetitive maximal eccentric than concentric contractions, but
the fatigue assessed by MVC-ISO does not show it.
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exercises has been increasing (Roig et al. 2009; Cretnik et al.
2022). This is due to possible greater training effects gener-
ated by eccentric than concentric contractions (Sato et al.
2022a, b; Chen et al. 2017; Tseng et al. 2020). Roig et al.
(2009) stated that resistance exercise training with eccentric
contractions was more effective for increasing overall mus-
cle strength than concentric contractions, which was associ-
ated with greater mechanical loads imposed on muscles dur-
ing eccentric than concentric contractions. The advantages
of eccentric over concentric contractions also stem from the
greater muscle force generation capability and less energy
requirement or less neuromuscular fatigue in eccentric con-
tractions (Peiailillo et al. 2013; Shibata et al. 2023; Tesch
et al. 1990).

Regarding the greater muscle force generation capabil-
ity, Hollander et al. (2007) reported that one-repetition
maximum (1-RM) of the overhead press, lat pull down, leg
press, bench press, knee extension, and leg curl was 20-50%
greater in eccentric than concentric exercises. Other studies
have also reported 22-49% greater force generation capacity
for eccentric than concentric contraction of the elbow flexors
(Doss and Karpovich 1965) and extensors (Hortobagyi and
Katch 1990), knee flexors and extensors (Wu et al. 1997),
plantar flexors (Baudry et al. 2007) and dorsi flexors (Pas-
quet et al. 2000). The greater force generation capability
in eccentric than concentric contraction is believed to be
originated predominantly from the structural protein titin,
which provides passive force (Herzog 2014).

In terms of less energy requirement or less neuromuscular
fatigue in eccentric than concentric contractions, Pefailillo
et al. (2013) showed that eccentric cycling consumed 50%
less oxygen than concentric cycling for the same workload.
Pasquet et al. (2000) showed that the rate of torque reduc-
tion over 30 consecutive maximal contractions of the ankle
dorsiflexors at the angular velocity of 50°/s was significantly
smaller in eccentric-only (— 23.8%) than in concentric-only
contractions (— 31.6%). Kay et al. (2000) reported a 42.3%
decrease in MVC torque of the knee extensors over con-
centric-only contractions but no decrease in the torque over
eccentric-only contractions when they were performed for
100 s for a 78° range of motion performed on an isokinetic
dynamometer at an angular velocity of 60°/s. Addition-
ary, Nuzzo and Nosaka (2022) reported that the maximal
voluntary contraction (MVC) of concentric and eccentric
torque of the elbow flexors decreased significantly less for
eccentric (— 55.3%) than concentric phase (— 77.9%) over
25 maximal alternative concentric-eccentric contractions.
Moreover, Shibata et al. (2023) have recently demonstrated
that the repetitions to failure (RF) was 1.6-2.7 times greater
in eccentric-only than concentric-only contractions in arm
curl exercise at 70%, 80%, 90% and 95% of respective one-
repetition maximum load. In conventional resistance exer-
cises and many of our locomotions, concentric and eccentric
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contractions are performed alternatively. Thus, it is also
important to examine changes in force generation capacity
over repetitive concentric-eccentric contractions. Although
Ruas et al. (2022) compared concentric-eccentric contrac-
tions and eccentric-only contractions for the knee exten-
sors, no previous study has compared concentric-eccentric,
eccentric-only and concentric-only contractions for fatigabil-
ity over repetitive maximal contractions of the elbow flexors.

Some studies showed that changes in maximal volun-
tary isometric contraction (MVC-ISO) strength and/or
force generated by electrical stimulation from immediately
before to immediately after exercise were similar between
eccentric and concentric contractions. For example, Royer
et al. (2022) reported that MVC-ISO torque immediately
post-exercise decreased similarly after repeated concen-
tric-only (— 21.7+11.5%) and eccentric-only contractions
(= 26.2+15.6%) of the knee extensors when the torque-
time integral of the exercise was matched. It should be noted
that the total number of muscle contractions was approxi-
mately 40% greater for the concentric (135.5 +£22.5) than for
eccentric exercise (96.4 +15.5) in the study. Pasquet et al.
(2000) showed no significant difference in MVC-ISO torque
reduction between concentric-only (— 37.4%) and eccen-
tric-only contractions (— 33.8%) of the dorsiflexors imme-
diately after 5 sets of 30 maximum voluntary contractions,
although the force in the repeated contractions decreased
greater for concentric (— 31.6%) than eccentric contractions
(— 23.8%). Ruas et al. (2022) compared eccentric-only (6
sets of 8 eccentric contractions at 80% of eccentric one-
repetition maximum) and coupled concentric and eccentric
contractions (6 sets of 8 alternating concentric and eccentric
contractions at 80% of concentric one-repetition maximum
and eccentric one-repetition maximum, respectively) of the
knee extensors for changes in MVC-ISO force, resting twitch
force, maximal M-wave, voluntary activation, motor evoked
potentials, corticospinal silent period, and short interval
intracortical inhibition. They found no significant differ-
ences between the eccentric-only and concentric-eccentric
protocols for the changes in the variables after exercise. It
is possible that the muscle fatigue profile is not much dif-
ferent between concentric-only, eccentric-only, and concen-
tric-eccentric contractions when it is assessed by MVC-ISO
torque at immediately post-exercise; but no previous study
has systematically investigated this.

In the study by Kay et al. (2000) mentioned above, they
reported no significant changes in surface electromyogra-
phy (EMG) activity during in both concentric-only and
eccentric-only contractions, in spite of the different fatigue
profiles in the strength. In contrast, Pasquet et al. (2000)
reported greater decreases in the tibialis anterior EMG
activity for the concentric-only (—26.4%) than eccentric-
only task (—17.5%) in the study mentioned above. They also
showed that neither the interpolated-twitch response nor the
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ratio of the voluntary EMG to the amplitude of the com-
pound muscle action potential (M-wave) changed in both
tasks, but decreases in the contractile properties in response
to single and paired electrical stimuli, as well as the inter-
polated-twitch method and postactivation potentiation were
greater after the concentric-only than eccentric-only con-
tractions. They concluded that the greater alterations in the
contractile properties observed during the concentric-only
contractions were possibly associated with a higher energy
requirement in concentric than eccentric contractions. To
the best of our knowledge, no previous study has compared
maximal concentric-only, eccentric-only, and concentric-
eccentric contractions for changes in the force generation
capacity over repeated contractions as well as MVC-ISO
torque before and after the repeated contractions.
Therefore, the present study examined changes in eccen-
tric and concentric torque of the elbow flexors and biceps
brachii EMG over 30 maximal repetitive concentric-only,
eccentric-only, and concentric-eccentric (60 in total) con-
tractions, and changes in the elbow flexor MVC-ISO torque
and EMG before and immediately after the task to clarify the
muscle fatigue profile. We hypothesised that the toque pro-
duced in the eccentric-only contractions and eccentric phase
in the concentric-eccentric contractions would be greater
than that produced in the concentric-only contractions and
concentric phase in the concentric-eccentric contractions,
respectively. However, the rate of the torque reduction in
eccentric-only contractions would be smaller than that in
concentric-only contractions, but the magnitude of decrease
in MVC-ISO torque from pre- to post-exercise would be
similar between them. In concentric-eccentric contractions,
the torque would be decreased greater for the concentric than
an eccentric phase, and the decrease in the MVC-ISO would
be greater when compared with the concentric-only and
eccentric-only conditions. Regarding EMG, we hypothesised
that EMG activity would decrease less over eccentric-only
than concentric-only contractions, and the decrease would
be greater for concentric-eccentric condition than the other
two conditions. In addition, the EMG in MVC-ISO torque
measure would decrease greater after concentric-eccentric
than the other two conditions, but the concentric-only and
eccentric-only would show a similar decrease.

Methods
Participants and study design

The sample size was estimated from the study by Pas-
quet et al. (2000) who showed a significantly smaller rate
of torque reduction over 30 repetitive maximal eccentric
(— 23.8%) than concentric contractions (— 31.6%) of the
ankle dorsiflexors. The effect size was considered to be

large (dZ=0.8), thus with an alpha value of 0.05 and a
power (1—p) of 0.8, the sample size was estimated to be 12
participants for the difference between eccentric-only and
concentric-only for matched pairs (G*Power 3.1, Germany).
In the present study, the same participants performed con-
centric-only (CON-only), eccentric-only (ECC-only), and
concentric-eccentric (CON-ECC) contractions of the elbow
flexors on different days in a randomised order. Thus, we
recruited 15 participants, considering the estimation error
for the comparison of the three conditions, and possible
dropouts in the study.

The participants were male university students with the
average + SD age, height and body mass being 22.1 +3.5
years, 171.6 +£4.5 cm, and 71.5 +9.8 kg, respectively. They
had a resistance training experience of at least six months
prior to the present study. All participants were briefed on
the study's purpose and procedures, and written consent was
obtained from each participant. This study was approved by
the Ethics Committee of Niigata University of Health and
Welfare (#18202).

All participants performed a familiarisation session in
which three maximal isometric, concentric-only, eccentric-
only, and concentric-eccentric contractions of elbow flexors
were performed. One week after the familiarisation session,
the participants completed three fatigue tasks (CON-only,
ECC-only, CON-ECC) over three weeks in a randomised
order. Considering the effect of possible muscle damage
induced by maximal eccentric contractions, at least one
week was inserted after ECC-only or CON-ECC, but at least
three days were inserted after CON-only. In the CON-only
or ECC-only conditions, 30 maximal concentric or eccentric
contractions were performed, and in the CON-ECC condi-
tion, 30 maximal alternative concentric-eccentric contrac-
tions were performed, thus the total number of contractions
was 60. Over the 30 or 60 maximal contractions of the elbow
flexors, elbow flexion torque and biceps brachii muscle
activity were recorded. Before and immediately after each
task, maximal voluntary isometric contraction (MVC-ISO)
torque of the elbow flexors and muscle activity of the biceps
brachii during the MVC-ISO were measured.

Muscle fatigue task

All participants performed the three fatiguing tasks with
their dominant arms on an isokinetic dynamometer (Bio-
dex System 3.0, Biodex Medical Systems Inc., Shirley,
NY, USA) for the CON-only and ECC-only or CON-ECC
conditions. During the tasks, the arm was positioned in
front of the body on padded support adjusted to 45°of
shoulder flexion, and the forearm was kept supinated with
the wrist placed against the lever arm of the dynamom-
eter. The range of motion was 90° for all exercises, and
the starting angle was 10° for CON-only and CON-ECC
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conditions, and 100° elbow flexion for ECC-only condi-
tion, where the fully extended elbow joint was defined
as 0°. For all tasks, the angular velocity was 30°/s based
on our previous studies (Sato et al. 2022b; Yoshida et al.
2022), thus each muscle contraction was 3 s.

In the CON-only condition, each participant was
instructed to perform maximal concentric contractions
from 10° to 100° of elbow flexion, and the arm was
returned to the starting angle (10° elbow flexion) passively
over a period of 3 s. For the ECC-only condition, each
participant was instructed to perform maximal eccentric
contractions from 100° to 10° of elbow flexion; the arm
was returned to the starting angle (100° elbow flexion)
passively over a period of 3 s. In the CON-ECC condi-
tion, a maximal concentric contraction from 10° to 100°
elbow flexion was followed by a maximal eccentric con-
traction from 100° to 10° elbow flexion. This was repeated
30 times with a 3-s rest period between contractions, thus
the total number of muscle contractions was 60. Partici-
pants were verbally encouraged to generate maximal force
for the entire range of motion. The force of each contrac-
tion was displayed computer screen to provide feedback
and a target to motivate the participant to generate as high
a force as possible. The peak torque in each contraction
during the fatigue tasks occurred between 40° and 70° of
elbow flexion for all conditions.

Elbow flexor torque during the repeated contractions
was recorded via an analog-to-digital converter (PowerLab
8/30, AD Instruments, Colorado Springs, CO, USA) to a
personal computer with analysis software (LabChart 7, AD
Instruments). Biceps brachii muscle activity was recorded
using surface electromyography during the repeated mus-
cle contraction tasks with torque data. The electrodes were
placed in the distal two-thirds from the acromion to the lat-
eral epicondyle of the humerus. Using a surface electrode
with a distance of 2.0 cm between the centre of the elec-
trodes, EMG activities were recorded via a preamplifier
(FA-DL-720-140: Four Assist, Japan) and AD converter
(PowerLab, ADinstrument, Australia) to a personal com-
puter (DESKTOP-CRVN2SU, MouseComputer Co., Ltd.,
Japan). The band-pass filter was set from 20 to 500 Hz, and
full-wave rectified EMG waveforms were analysed by the
software (LabChart 8.1.14: AD instrument, Australia). A
mean EMG root mean square (RMS) value was computed
for each during a time window equivalent to the amount of
time needed to complete the range of motion (i.e., 3 s) of
the muscle fatigue task. For EMG during muscle fatigue,
the average value for the same range of motion (i.e., 40°
to 70° of elbow flexion) was used for all conditions. In the
MVC-ISO torque measures, EMG in a 50-ms slot before
and after a peak torque was analysed. Changes in EMG
over 30 contractions were normalised to the EMG of the
first contraction.
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Maximum voluntary isometric contraction
(MVC-I1SO)

After a standardized warm-up protocol consisting of one 3-s
submaximal voluntary contraction at 60% of MVC-ISO, par-
ticipants performed two MVC-ISO at an elbow joint angle
of 90° (0° =full elbow extension) on the dynamometer, inter-
spaced by 1-min rest before the fatigue task. The highest peak
torque in 3 s MVC-ISO measurement from each MVC-ISO
torque measure, the larger value of the two measures, was used
for further analysis. Immediately after the fatigue task, only
MVC-ISO measurement was taken within 3 s after the 30th
contraction for the CON-only and ECC-only, and 60th con-
traction for the CON-ECC condition. EMG during MVC-ISO
measurement was recorded in the same way as that described
above for the EMG during repetitive contractions. The aver-
age value of 50 ms before and after the peak torque during
MVC-ISO measurement was analysed for RMS and used for
further analyses.

Statistical analyses

Statistical analyses were performed using the SPSS version
28.0 (IBM Japan, Inc., Tokyo, Japan). The normality of the
data was checked by a Shapiro—Wilk test. The baseline meas-
ures were compared among the three tasks using a one-way
analysis of variance (ANOVA). A repeated two-way ANOVA
with two factors (conditions X repetitions) was used to com-
pare the changes in peak torque and EMG over 30 contractions
among CON-only, ECC-only, CON-ECC-CON, and CON-
ECC-ECC. We calculated the average values of MVC torque
during the muscle fatigue task in every 10 contractions, which
were compared between conditions by Bonferroni compari-
sons. In addition, a two-way repeated measures ANOVA was
used to compare the changes in MVC-ISO torque and EMG
among CON-only, ECC-only, and CON-ECC conditions.
Moreover, percentage changes in MVC-ISO torque from base-
line to post-exercise were compared between groups in Bonfer-
roni comparisons. Effect size (ES) was calculated as a differ-
ence in the mean values between pre- and post-training divided
by the pooled SD. ES of 0.00-0.19 was considered trivial,
0.20-0.49 was small, 0.50-0.79 was moderate, and >0.80 was
large (Cohen 2013). The differences were considered statisti-
cally significant at an alpha level of 0.05. Descriptive data are
shown as mean + SD.

Results
Changes in torque over maximal contractions

All participants completed the three muscle fatigue tasks.
Figure 1 shows the average (+ SD) changes in torque of 15
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participants over 30 maximal contractions (in CON-ECC,
30 CON, and 30 ECC contractions). The torque produced
in the first contraction was 7.2-38.5% (average + SD of 15
participants: 27.0 +8.9%) greater for ECC-only (70.6+10.2
Nm) than for CON-only contraction (50.5+ 6.9 Nm). The
total torque produced over the 30 contractions was also
27.7-47.8% (39.0 + 6.3%) greater for ECC-only than CON-
only condition. In the CON-ECC, the torque produced in the
eccentric phase was 31.6 +11.8% greater for the first con-
traction as well as the rest of the contractions (e.g., 10th con-
traction: 66.6 +28.3%, 20th contraction: 56.2 +29.8%, 30th
contraction: 45.6 +27.8%) when compared with the concen-
tric phase. The sum of the maximum torque generated dur-
ing the repeated contractions was greater (p <0.01) for ECC-
only (4986.7 +768.0 Nm s) than CON-only (3048.5 +534.3
Nm s) and for CON-ECC (5646.0 +989.2 Nm s) than ECC-
only (p <0.01), because of the inclusion of eccentric and
concentric contractions. The sum of the maximum torque in
the eccentric phase of CON-ECC (3425.6 +£636.5 Nm s) was
greater (p <01) than that in the concentric phase in CON-
ECC (2220.3 +386.6 Nm s).

The one-way ANOVA showed that the decreases in the
torque over repetitive contractions were significant for the
ECC-only [F (59, 406)=060.0, p<0 01, n, 2=0.81], CON-only
[F (29, 206)=119.1, p<0.01, np >=0.89], and ECC torque [F
(29. 406) = 100.9, p<0.01, ;1 =0.87] as well as CON torque
in the ECC-CON [F (59, 406)—111 8, p<0.01, n, 2=0.88].
The two-way repeated ANOVA showed a significant inter-
action effect for changes in the torque [F' g; 1624)=7.974,
p<0.01, npz =0.299]. The magnitude of the decrease in the
torque over 30 maximal contractions was greater (p <0.01)
for the CON-only (— 49.5+11.0%) than the ECC-only
(— 32.2+7.4%), and ECC torque (— 58.9+9.3%) than

Elbow flexor torque (Nm)

CON torque in the ECC-CON (— 62.3 +8.7%) as shown in
Fig. 2. When looking at the changes in MVC torque every
10 contractions, the rate of torque reduction from 1st to 10th
was smaller (p <0.01) for ECC-only than CON-only and
ECC than CON in CON-ECC. This was also the case for the
change from 11 to 20th contractions. Additionally, the first
15 contractions in the ECC-CON condition (30 contractions
in total) showed a greater (p <0.01) decrease in the ECC
(= 47.2+11.0%) and CON torque (— 57.7 +8.9%), when
compared with the ECC-only condition (— 32.2 +7.4%).
The magnitude of decrease in the CON torque in the first 15
contractions in the CON-ECC (— 57.7 +8.9%) was greater
(»<0.01) than in the CON-only condition (— 49.5+11.0%).

Changes in EMG

EMG activity of the first contraction was not significantly
different between CON-only (479.2 + 227.7 mV) and ECC-
only (451.5 + 181.1 mV), as well as concentric phase (424.1
+ 195.8 mV) and eccentric phase (561.6 + 316.6 mV) in
CON-ECC. Figure 3 shows normalised changes in EMG
activity from that of the first contraction (100%) over 30 con-
tractions for the ECC-only, CON-only, and ECC and CON
phases in the CON-ECC conditions. The two-way ANOVA
showed a main effect of time [F 59 1451y = 17.34, p < 0.01,
1,~ = 0.261] but no interaction effect [F' 59 141 = 0.986, p
=0.519, npz = 0.261]. As shown in Fig. 4, EMG decreased
from 1st to 30th contraction in CON-only (— 29.4 + 24.9%),
ECC-only (- 14.4 + 25.9%), ECC-CON-CON (- 31.3 =
27.1%) and ECC-CON-ECC (- 37.8 + 23.9%) similarly.
When looking at the changes in EMG every 10 contractions,
no significant difference was evident between the first to

: ECC-only
: CON-only
2 : CON-ECC —ECC phase
. : CON-ECC — CON phase
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= N W b 0O~ 0 O
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15 20 25 30

Number of contractions

Fig. 1 Changes in elbow flexor torque (mean =+ SD of 15 participants)
over 30 maximal voluntary concentric only (CON-only), eccentric
only (ECC-only), and alternating concentric and eccentric (CON-

ECC) eccentric contractions. For the CON-ECC, the torque in the
concentric phase (CON phase) and that in the eccentric phase (ECC
pase) over 30 contractions each are shown
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Fig.2 Rate of torque decrease (mean+SD of 15 participants) from For the CON-ECC, the torque in the concentric phase (CON phase)
the first to 30th contraction (1-30), the first to 10th contraction and that in the eccentric phase (ECC pase) are shown. *: Significantly
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Fig.3 Normalised changes (mean+SD of 15 participants) in biceps (CON-ECC) eccentric contractions. For the CON-ECC, the torque
brachii electromyographic (EMG) activity from the first contraction in the concentric phase (CON phase) and that in the eccentric phase
(100%) over 30 maximal voluntary concentric only (CON-only), (ECC phase) over 30 contractions each are shown

eccentric only (ECC-only), and alternating concentric and eccentric
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10th, 11th to 20th, and 21st to 30th contraction for any of
the conditions.

Changes in MVC-ISO torque and EMG in MVC-ISO
torque measurement

Changes in MVC-ISO torque and EMG before and after the
fatigue task are shown in Fig. 5. No significant difference
in MVC-ISO torque was found for the pre-exercise values
(ECC-only: 65.9+11.2 Nm, CON-only: 63.4+10.9 Nm,
CON-ECC: 64.1 +13.0 Nm). A significant interaction effect
was evident for changes in MVC-ISO torque [F ; 45)=7.60,
p<0.01, np2=0.267]. Significant decreases in MVC-ISO
torque were found for the ECC-only (— 40.7 +9.9%), CON-
only (—43.6+14.2%), and CON-ECC (- 58.3+7.9%) con-
ditions (p <0.01), but the decrease was greater (p <0.01)
for the CON-ECC than ECC-only and CON-only condi-
tions without a significant difference between ECC-only
and CON-only.

Regarding EMG, no significant difference in the pre-exer-
cise MVC-ISO torque measures was found between ECC-
only (591.1 +274.7 mV), CON-only (586.9+299.2 mV),
and CON-ECC (646.7+322.2 mV). The two-way repeated
measures ANOVA showed no significant interaction
effect [F (2, 39)=2.72, p=0.079, ;7p2=0.122] but a main
effect of time [F (2, 39)=38.9, p<0.01, ;7p2=0.50]. In

Fig. 5B, normalised changes in EMG activity from the
pre-exercise (100%) to post-exercise are shown. The mag-
nitude of decrease was — 22.5+ 18.7% for the ECC-only,
— 35.7+25.3% for the CON-only, and — 48.3 +5.7% for the
CON-ECC condition, without significant difference between
conditions.

When comparing the magnitude of decrease in MVC
torque from the first to 30™ contraction shown in Fig. 2
and that of MVC-ISO torque from before to immediately
after the 30th contraction for each condition, no significant
difference was found for the CON-only (- 49.5+11.0%
vs. — 42.9+13.8%) and CON-ECC (— 58.3+7.9% vs.
— 56.8+9.2%) conditions. However, in the ECC-only con-
dition, the decrease in MVC-ISO torque (— 40.7+9.9%)
was greater (p <0.01) than the decrease over 30 eccentric
contractions (— 32.2 +7.4%).

Discussion

The results showed that the torque produced in ECC contrac-
tions was approximately 40% greater than that in CON con-
tractions (Fig. 1). The elbow flexor torque over 30 maximal
contractions decreased less in ECC-only than CON-only,
and in ECC than CON phase in the CON-ECC (Figs. 1 and
2). However, the magnitude of decrease in MVC-ISO torque

CON-only ECC-only CON-ECC—CON | CON-ECC—ECC
1-30 1-10 11-20 21-30{1-30 1-10 11-20 21-30} 1-30 1-10 11-20 21-30{1-30 1-10 11-20 21-30
80 '
9
>
c 40 -
©
N ,
O 20 -
O
= 0 -
L
D 20
2
o -40
o
-60
-80

Fig.4 Rate of biceps brachii electromyographic (EMG) activity
change (mean =+ SD of 15 participants) from the first to 30th contrac-
tion (1-30), the first to 10th contraction (1-10), 11th—20th contrac-
tion (11-20) and 21st-30th contraction for concentric only (CON-
only), eccentric only (ECC-only), and alternating concentric and

eccentric (CON-ECC) eccentric contractions. For the CON-ECC,
the torque in the concentric phase (CON-ECC-CON) and that in the
eccentric phase (CON-ECC-ECC) are shown. *: Significant (p <0.05)
decrease, #: Significantly (p <0.05) different from CON-only
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Fig.5 Changes (mean+SD of 15 participants and their individual
values) in maximal voluntary isometric contraction (MVC-ISO)
torque (A) and normalised changes (PRE: 100%) in biceps brachii
electromyographic (EMG) activity (B) before (PRE) and immediately
after (POST) 30 maximal voluntary concentric only (CON-only),

from before to after the fatigue task was similar between
ECC-only and CON-only, but it was smaller than that of
CON-ECC condition (Fig. 5). The EMG decreased similarly
among the conditions (Figs. 3 and 4), and the EMG during
MVC-ISO torque also decreased similarly among the condi-
tions. These results were almost in line with the hypotheses,
but some discrepancies to the hypotheses were found as dis-
cussed below.

Force generation profile

The maximal torque produced in the first contraction in the
ECC-only (70.6+10.2 Nm) and eccentric phase in the CON-
ECC (64.1 £10.8 Nm) were 40.3+£16.2% and 31.6+11.7%
greater than that in the CON-only (50.5 + 6.9 Nm) and con-
centric phase in the CON-ECC (48.9 + 8.3 Nm), respectively
(Fig. 1). The MVC-ISO torque measured immediately before

@ Springer

ECC-only

POST| PRE POS

CON-ECC

eccentric only (ECC-only), and alternating concentric and eccentric
(CON-ECC) eccentric contractions. The change from PRE to POST
is also shown for each graph. *: Significantly (p <0.05) different from
PRE, #: Significantly (p <0.05) different from CON-only and ECC-
only

the fatigue task was 63.4+12.0 Nm on average of the three
conditions. Hortobagyi and Katch (1990) reported that
MVC-ECC torque was 13.3-22.5% greater than MVC-ISO
torque and 43.8-53.5% greater than MVC-CON torque for
the elbow flexors. More recently, Sato et al. (2022b) showed
that MVC-ECC torque was 37.8+4.2% and 55.2+3.7%
greater than MVC-ISO torque and MVC-CON torque, repet-
itively for the elbow flexors. Thus, the results of the present
study were comparable to those of the previous studies.

It is important to note that the greater torque in ECC than
CON was still observed at 30th contraction such that MVC
torque was 94.9 +42.3% greater in ECC-only than CON-only
condition, and 28.5 + 15.2% greater in the eccentric than a
concentric phase in the CON-ECC condition (Fig. 1). This
suggests that greater force generation capacity in eccentric
than concentric contractions is preserved or even magnified
in fatigued muscle. The greater maximum force generation
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capability in eccentric than isometric or concentric contrac-
tion has been explained to be due to the elastic structure
within muscle fibres and in muscle—tendon complex (Herzog
2018). Titin that spans the half-sarcomere from Z-disk to
M-band could add force to that already produced by the acti-
vated muscle fibres (Guilhem et al. 2010; Fiirst et al. 1988).
During eccentric contractions, the external mechanical load
exerted on the solicited muscle triggers a stretching of the
elastic recoil of the muscle—tendon complex system, which
could contribute to additional force (Abbott et al. 1952).
As discussed below, it is important to note that the mecha-
nisms underpinning the greater force production capability
in eccentric than concentric contractions are maintained in
repetitive contractions.

Muscle fatiguability

The changes in the torque over 30 maximal contractions
were smaller for ECC-only (- 32.2%) than CON-only
(— 49.5%), and eccentric phase (— 58.9%) than concen-
tric phase (— 62.3%) in CON-ECC (Figs. 1 and 2). Less
fatiguability in eccentric than concentric contractions has
been shown in previous studies (Pasquet et al. 2000; Kay
et al. 2000; Souron et al. 2018; Royer et al. 2022; Nuzzo
and Nosaka 2022). For example, Nuzzo and Nosaka (2022)
reported that the MVC torque of the elbow flexors decreased
significantly greater for concentric (— 77.9%) than for eccen-
tric phase (— 55.3%) over 25 maximal CON-ECC contrac-
tions. Pasquet et al. (2000) showed that the rate of torque
decrease over 30 consecutive maximal isokinetic (angular
velocity: 50°/s) contractions of the ankle dorsiflexors was
smaller in ECC-only (— 23.8%) than in CON-only contrac-
tions (— 31.6%). Furthermore, Kay et al. (2000) reported a
42.3% decrease in MVC torque of the knee extensors over
CON-only contractions but no significant decrease in the
torque over ECC-only contractions when they were per-
formed over 100 s at 78° range of motion on an isokinetic
dynamometer at an angular velocity of 60°/s. It was sug-
gested that the elastic component of muscle and connective
tissue contributed to minimising the force loss during repeti-
tive eccentric contractions (Kay et al. 2000; Pasquet et al.
2000). In contrast, Beck et al. (2012) and Ye et al. (2014)
reported no significant differences between CON-only and
ECC-only contractions of the elbow flexors over 60 maxi-
mal repetitions. In their studies, 10 consecutive contractions
were followed by a rest period of 1 or 2 min. Thus, it is
possible that the rest attenuated fatiguability, especially in
the concentric contractions. In fact, Pasquet et al. (2000)
showed that a decrease in force over 150 maximal concentric
contractions of the ankle dorsiflexors returned to the baseline
level after one minute of rest. Since no rest was inserted over
30 contractions in the present study and the previous studies
(Pasquet et al. 2000; Souron et al. 2018), it seems reasonable

to conclude that eccentric contractions are less fatigable than
concentric contractions.

It has been reported that metabolic demand and activa-
tion of motor units are lower in eccentric than concentric
contractions (Kossev and Christova 1998). Peiiailillo et al.
(2013) reported 50% less oxygen uptake and 30% less heart
rate during eccentric than concentric cycling in the same
work. In a classic paper, Huxley (1957) stated that the actin-
myosin links were not broken by the reversal of reaction that
does not involve the splitting of a high-enrergy phosphate
bands. Ryschon et al. (1997) compared concentric, eccen-
tric, and isometric contractions of the ankle dorsiflexors to
estimate ATP utilisation using P-nuclear magnetic resonance
imaging and reported that the ATP production rate/work
was 15.0% in concentric and 34.7% in eccentric contrac-
tions. They speculated that the higher mechanochemical
efficiency of eccentric than concentric contractions was due
to an alteration of the actino-myosin-ATP stoichiometry,
which lowers the requirement of ATP (Ryschon et al. 1997).
Therefore, less fatigue in eccentric than concentric contrac-
tions is likely due to the reduced consumption of ATP in
eccentric contractions. Additionally, titin is involved in the
force regulation in eccentric contraction as discussed above.
Joumaa et al. (2008) showed in rabbit psoas muscle that
the calcium-dependent increase in eccentric force in myofi-
brils that were stripped of troponin C was abolished when
titin was removed by trypsin. This suggests that titin also
makes eccentric contractions less fatigable than concentric
contractions.

It should be noted that the magnitude of decrease in
MVC-ISO torque was not significantly different between
ECC-only and CON-only (Fig. 5), in spite of the signifi-
cantly smaller decreases in torque over 30 contractions in
ECC-only than CON-only (Figs. 1 and 2). Pasquet et al.
(2000) also showed no significant difference in MVC-ISO
torque reduction between CON-only (— 37.4%) and ECC-
only (— 33.8%) contractions of the dorsiflexor muscles when
they found smaller torque reduction over 30 consecutive
maximal contractions in eccentric-only (— 23.8%) than in
concentric-only contractions (— 31.6%). It is important that
the changes in MVC-ISO torque or force before and after
repetitive maximal dynamic contractions do not necessarily
reflect the difference in fatiguability observed during the
dynamic contractions. Enoka and Duchateau (2008) stated;
“muscle fatigue is not the point of task failure or the moment
when the muscles become exhausted, rather muscle fatigue
is a decrease in the maximal force or power that the involved
muscles can produce, and it develops gradually soon after
the onset of the sustained physical activity. A common pro-
tocol used to quantify the development of muscle fatigue is
to interrupt the fatiguing exercise with brief maximal con-
tractions (voluntary or electrically evoked) to estimate the
decline in the maximal force capacity.” Thus, the decrease
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in MVC-ISO torque after the repetitive maximal contrac-
tions appears to indicate “muscle fatigue.” In this sense,
no difference between concentric-only and eccentric-only
contractions could indicate no difference in muscle fatigue.
However, as discussed above, there were distinct differences
in the rate of torque decline over 30 repetitions between
concentric-only and eccentric-only contractions (Figs. 1
and 2). It is interesting to examine changes in maximal vol-
untary concentric and eccentric contraction torque before
and after ECC-only and CON-only repetitive contractions,
respectively. It may be that MVC assessments with different
modes of muscle contraction provide different neuromus-
cular fatigue profiles, which could shed light on the mecha-
nism underpinning muscle contraction type-specific fatigue
or fatiguability.

EMG profile

Despite the differences in MVC torque and MVC-ISO torque
changes between ECC-only and CON-only contractions, no
significant difference between the two was evident for the
changes in EMG activity over 30 contractions (Figs. 3 and
4). When comparing the magnitude of decrease between the
torque and EMG, both ECC-only (torque: — 32.2%, EMG:
— 14.4%) and CON-only (— 49.5%, — 29.4%) showed greater
decreases in torque than EMG. Enoka (1996) stated in his
review article that the magnitude of the muscle activation
indicated by EMG during a maximum eccentric contraction
was much less than that recorded during a maximum con-
centric contraction. Kellis and Baltzopoulos (1996) reported
that vastus lateralis EMG amplitudes during maximal eccen-
tric isokinetic knee extensor contractions at different veloci-
ties were 11-52% lower than during concentric contractions.
Pasquet et al. (2000) showed a greater reduction in EMG in
concentric-only contractions of the dorsiflexors (— 26.4%)
than in eccentric-only contractions (— 17.5%), when they
were performed 5 sets of 30 contractions maximally. How-
ever, the present study did not observe such differences
between eccentric and concentric contractions, suggesting
that motor units were likely to be recruited similarly in the
ECC-only and CON-only.

It should be noted that the decreases in EMG in MVC-
ISO torque measures were not different between ECC-only
or CON-only and CON-ECC conditions, although the
decrease in MVC-ISO torque was much greater after CON-
ECC (Fig. 5). Linnamo et al. (2000) examined changes in the
median frequency of the EMG power spectrum during and
immediately after maximal eccentric and concentric exer-
cise consisting of 100 maximal voluntary eccentric and con-
centrations of the elbow flexors, respectively. They showed
that although the average force was higher in eccentric than
in concentric contractions, changes in the average rectified
EMG (aEMG) values were the same between eccentric and
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concentric exercises. The results of the present study were
in line with the findings by Linnamo et al. (2000).

In CON-ECC, the number of contractions was twice
as large as that in the other two conditions. Therefore, it
seems likely that acute neuromuscular fatigue was greater
in CON-ECC than in the other two conditions, which was
shown in the torque changes but not in EMG. Decreases
in surface EMG activity over repeated muscle contrac-
tions represent a reduction in the central drive to the mus-
cles (Drust et al. 2005) and reflect the recruitment and rate
coding of the detected motor units in the region (Francois
2011). It is likely that repeating maximal muscle contrac-
tions reduced the number of motor units recruited over con-
tractions, resulting in a decrease in RMS amplitude found in
the present study. Ruas et al. (2022) reported no significant
differences in MVC-ISO force, rate of force development,
resting twitch force, maximal M-wave, voluntary activation,
motor evoked potentials, corticospinal silent period, short
interval intracortical inhibition, before, immediately after,
and 1-3 days after 48 eccentric-only and 48 coupled concen-
tric—eccentric contractions of the knee extensors, and con-
cluded that eccentric contractions (n =48 in both conditions)
seemed to mainly mediate the neuromuscular responses. It is
interesting to include the neuromuscular parameters (resting
twitch force, maximal M-wave, voluntary activation, motor
evoked potentials, corticospinal silent period, short interval
intracortical inhibition) to compare ECC-only, CON-only
and CON-ECC contractions of the elbow flexors and other
muscle groups. Enoka (1996) concluded that eccentric con-
tractions appeared to require unique activation strategies by
the nervous system, including a reduced activation of muscle
during maximum eccentric contractions, an altered recruit-
ment order of motor units during submaximal eccentric
contractions, a decrease in the size of the potentials evoked
in muscle by transcranial and peripheral nerve stimulation,
and a greater resistance to fatigue (decline in force) during
repeated contractions. Further studies are required to under-
stand possible variations in the neural strategy for eccentric
versus concentric contractions.

Limitations of the study

There were several limitations in the present study. Firstly,
only young men were used in the study, thus the results of
the present cannot be generalized. It is necessary to replicate
the study using young women and the elderly. Secondly, the
participants of the present study had some resistance exer-
cise experiences for more than six months, but they were not
necessarily considered to be highly trained. It is important
to investigate whether the results of the present study would
be replicated by healthy adults with no or little experience in
resistance exercise or more trained individuals. Thirdly, the
target muscles in the present study were the elbow flexors. It
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is necessary to investigate other arm muscles and lower limb
and trunk muscles for their fatigue profiles in a similar set-
ting to that of the present study. Fourthly, the present study
used isokinetic contractions to standardise the velocity of
the movement (30°/s). It is interesting to examine different
angular velocities (faster, e.g., 180°/s), and isotonic contrac-
tions. It is also important to investigate multi-joint exercises
such as bench press and squat, which may be more applica-
ble to practical settings. Fifthly, the order of the three muscle
fatigue tasks may have influenced the results, although it was
randomised among participants. Muscle damage is induced
after an unaccustomed eccentric exercise and recovery takes
more than one week (Chen and Hsieh 2001). However, the
participants in the present study had been resistance train-
ing the elbow flexors for at least 6 months before the study
and were familiarised with the exercise protocol one week
before the first exercise. Furthermore, there were no signifi-
cant differences in the baseline MVC-ISO torque among the
three conditions. Therefore, it was likely that muscle dam-
age was minimum even after ECC-only contractions. Lastly,
the present study assessed biceps brachii EMG but did not
include EMG from agonist and antagonist muscles nor other
neuromuscular property assessments such as M-wave. In
addition, the EMG analysis was limited to RMS. In future
studies, mean power frequency and other parameters such as
average rectified values should be analysed in EMG. There-
fore, further investigations using electrical and transcranial
magnetic stimulation are warranted to investigate the mecha-
nisms underpinning less fatigue in eccentric than concentric
contractions.

Practical applications

Less fatigue in eccentric than concentric repetitive contrac-
tions is important for prescribing resistance training. It is
possible to minimise muscle fatigue in resistance training
by eliminating concentric contractions with load and focus-
ing on eccentric contractions. Sato et al. (2022a) compared
CON-ECC, CON-only, and ECC-only resistance training of
the elbow flexors performed twice a week for 5 weeks and
showed that ECC-only training produced similar increases
in muscle strength (16.2+11.0%) and biceps brachii and
brachialis muscle thickness (9.7 +7.2%) to those of CON-
ECC training, despite the training volume being half of that
of CON-ECC. Shibata et al. (2023) showed that 1.6-2.7
times greater repetitions were possible in eccentric-only
than concentric-only contractions in arm curl exercise at
70-95% of respective 1-RM load. If this is also the case for
other muscles, the less fatiguability in addition to the greater
force generation ability in eccentric than concentric contrac-
tions is advantageous to provide greater mechanical stimulus
to muscles using eccentric-only contractions in resistance
training. The greater mechanical stimulus to muscle fibres

and extracellular matrix provided by eccentric contractions
are important in resistance training (Folland et al. 2002),
and muscle fatigue does not appear to be a main factor con-
tributing to muscle strength gain and hypertrophy (Lastayo
et al.1999), eccentric-only contractions should be consid-
ered more in resistance training. However, to perform ECC-
only contractions in resistance training, a specific device is
necessary or a spotter is required for the concentric phase.
However, it is possible to minimize fatigue by concentric
contractions if the concentric phase is performed by both
arms and one arm is used for the eccentric phase in an arm
curl exercise. A similar arrangement is possible for many of
resistance exercises performed on machines (e.g., leg press:
extending both legs, bending one leg). Further studies are
warranted to investigate whether ECC-only contractions are
more effective than CON-only or CON-ECC contractions to
maximize muscle adaptations in resistance training.

Conclusion

Greater force generation capacity with less fatiguability in
30 repetitive maximal eccentric than contractions was con-
firmed in the present study for the elbow flexors. However,
when comparing MVC-ISO torque changes from before to
immediately after the 30 maximal contractions, no signifi-
cant difference in the magnitude of decrease was evident
between the eccentric and concentric contractions. EMG
showed similar decreases in all conditions, and the magni-
tude of the decrease was not associated with the decrease in
MVC torque. These results suggest greater fatigue resistance
over repetitive maximal eccentric than concentric contrac-
tions, but the fatigue assessed by MVC-ISO does not show
the difference. Further research is needed to elucidate the
mechanisms underpinning the muscle contraction mode-
specific neuromuscular fatigue.
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