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A B S T R A C T   

This study aimed to investigate the motor unit firing property immediately after concentric or eccentric 
contraction exercise. Eighteen healthy men performed repetitive maximal isokinetic knee extension exercises 
with only concentric or eccentric contraction until they exerted less than 80% of the baseline strength. Before and 
after the fatiguing exercise, high-density surface electromyography of the vastus lateralis was recorded during 
submaximal ramp-up isometric contraction and individual motor units were identified. Only motor units that 
could be tracked before and after exercise were analyzed. Muscle cross-sectional area of the vastus lateralis was 
measured using ultrasound, and electrically evoked torque was recorded before and after the exercise. Sixty-five 
and fifty-three motor units were analyzed before and after the concentric and eccentric contractions, respec-
tively. The results showed that motor units with moderate to high recruitment thresholds significantly decreased 
recruitment thresholds under both conditions, and the motor unit discharge rates significantly increased after 
concentric contraction compared to eccentric contraction. A greater muscle cross-sectional area was observed 
with concentric contraction. The evoked torque was significantly decreased under both conditions, but no dif-
ference between the conditions. These results suggest that fatiguing exercise with concentric contraction con-
tributes to greater neural input to muscles and metabolic responses than eccentric contraction.   

1. Introduction 

Resistance exercise is usually conducted to improve muscle strength. 
Since muscle strength is determined by both muscle morphological and 
neurophysiological factors, muscle weakness is also contributed by 
morphological or neural factors. For example, in older adults, muscle 
weakness is not explained by only muscle atrophy (Delmonico et al., 
2009; Manini and Clark, 2012), suggesting that neural factors are main 
contributors. In another case, patients with chronic ankle instability 
have ankle strength weakness, but not muscle atrophy (Feger et al., 
2016), suggesting that neural factors are impaired. Therefore, we should 
consider whether to focus on morphological or neurophysiological fac-
tors in resistance exercise methods, depending on patients’ condition 
and the purpose of the exercise. Resistance exercise comprises various 
variables, such as exercise intensity, volume, contraction mode, and rest 

period. Previous studies (American College of Sports Medicine, 2009; 
Grgic et al., 2017; Grgic et al., 2018; Schoenfeld et al., 2017) reported 
that various variables were dependent on improvement of muscle 
strength or muscle size. Each variable can contribute to morphological 
or neuromuscular adaptations, but neuromuscular adaptation has not 
been investigated in detail because of methodological limitations. While 
it is easier to quantify morphological adaptation by measuring metabolic 
responses such as muscle swelling or blood sample tests immediately 
after exercise or muscle hypertrophy after chronic intervention, there is 
no standard method to quantify neuromuscular activation. Recently, a 
novel method that can measure central nervous system properties using 
high-density surface electromyography (HDsEMG) was developed 
(Holobar and Zazula, 2004, 2008). Grouping motor units by their 
recruitment threshold and examining the discharge rate during different 
exerted force levels, we can evaluate the changes in motor unit 
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activation properties as neural input from the central nervous system to 
peripheral muscles in detail (Watanabe et al., 2016; Watanabe et al., 
2020). Since this method can track some of the detected motor units and 
identify the same individual motor unit behavior between different time 
periods, detailed physiological information on the neuromuscular sys-
tem is provided. 

Different contraction modes, i.e., concentric or eccentric contraction, 
have varying effects on exerted torque, neuromuscular adaptation, and 
the metabolic response; therefore, the contraction mode is one of the 
most important resistance exercise factors. Eccentric contraction can 
generate stronger tension and mechanical stress than concentric 
contraction (Hanten and Ramberg, 1988), but inhibits neural drive 
activation (Duchateau and Baudry, 2014; Gonzalez-Izal et al., 2014). 
Therefore, eccentric contraction has less metabolic cost, shown by 
phenomena such as oxygen consumption and lactate accumulation 
(Gonzalez-Izal et al., 2014; Hoppeler, 2016), and so is associated with a 
higher performance-cost ratio than concentric contraction (Nishikawa, 
2016). A previous study investigating motor unit firing properties dur-
ing eccentric and concentric contractions reported that the motor unit 
firing rate was greater during concentric than eccentric contraction 
(Pasquet et al., 2006). However, there are no reports on the effects of the 
contraction mode on recruited motor unit types, such as high/low 
recruitment thresholds. It is well-known that discharge properties of 
motor units with different recruitment thresholds are not consistent 
(Monster and Chan, 1977; Watanabe and Holobar, 2021; Watanabe 
et al., 2016). 

Immediately after resistance exercise, muscle strength decreases, 
what is termed neuromuscular fatigue (Gandevia, 2001). This comprises 
central and peripheral fatigue (Siegler and Marshall, 2015). When 
neuromuscular fatigue or pain occurs, central neural activation in-
creases to facilitate exertion of a constant force (Contessa et al., 2009; 
Martinez-Valdes et al., 2020). Muscle contractions activate adenosine 
triphosphate (ATP) and promote glycolysis, leading to an increase in 
intracellular metabolites including ions and reactive oxygen species, 
resulting in impaired muscle force (Wan et al., 2017). Different muscle 
contraction modes can promote different metabolites and the afferent 
pathway (Bottas et al., 2005). For example, when the same exercise 
volume was performed using concentric and eccentric contractions, the 
accumulation of metabolites evaluated by measuring muscle swelling 
was greater after concentric than eccentric contraction (Vieira et al., 
2018). Therefore, neural input from the central nervous system such as 
motor unit discharge rate, which can be affected by those factors, should 
vary with different muscle contraction modes. 

The purpose of this study was to investigate acute changes in motor 
unit firing properties, muscle contractile properties, and muscle swelling 
immediately after fatiguing exercises involving concentric or eccentric 
contraction. Based on different neural activities, mechanical stress, and 
metabolic costs (Hoppeler, 2016; Nishikawa, 2016), we hypothesized 
that concentric contraction induces greater increases in the motor unit 
discharge rate and muscle cross-sectional area immediately after 
fatiguing exercise when compared with eccentric contraction because 
eccentric contraction can produce strong tension without neural input to 
muscle (Hanten and Ramberg, 1988) and concentric contraction re-
quires greater metabolic cost which can require high neural activation 
(Hoppeler, 2016; Nishikawa, 2016). 

2. Methods 

2.1. Participants 

Eighteen healthy young men participated in the present study (age: 
24.9 ± 5.3 years, height: 170.8 ± 5.6 cm, body mass: 67.2 ± 11.4 kg). 
They had no history of neuromuscular disorders or surgery involving 
their lower limbs. Participants with physical problems such as vestibular 
disease, neurological dysfunctions, and musculoskeletal lesions, and 
receiving treatments that may affect the assessments were excluded. The 

purpose and procedures were explained to the participants before they 
provided informed written consent to participate in the present study. 
This study was conducted in accordance with the Declaration of Helsinki 
and approved by the Research Ethics Committee of Chukyo University 
(2021-049). 

A priori analysis of sample size for the present study was conducted 
using G*Power software (version 3.1, Heinrich Hein University, Dus-
seldorf, Germany). Referring to our pilot data of 17 motor units from 
four participants, power analysis with an alpha error of 0.05, a power of 
0.80 and partial eta squares of 0.075, revealed that a total of the 
required sample size was 76 motor units. We prospected three or four 
detected tracked motor units through the all measurements per partic-
ipants in each condition, therefore 18 participants were recruited in the 
present study. 

2.2. Procedure 

The participants visited a laboratory on two separate days. They 
performed concentric or eccentric contraction fatiguing exercises in 
random order. The interval between the two conditions was 7 days. All 
measurements and exercise were performed using their right leg. 

Before exercise (PRE), the participants lay on a bed and the muscle 
cross-sectional area of the vastus lateralis was measured. Then, the knee 
extensor maximal isometric voluntary contraction strength was 
measured. HDsEMG was assessed during submaximal contraction, and 
electrically evoked torque was also measured. After these measure-
ments, they performed concentric or eccentric contraction fatiguing 
exercise following a warm-up. Maximum isometric voluntary torque was 
evaluated immediately before starting (baseline) and between every set. 
When the maximum torque was lower than 80% of the baseline torque in 
two consecutive sets, the exercise was stopped. Immediately after the 
exercise (POST), HDsEMG during submaximal contractions, electrically 
evoked torque, and the muscle cross- sectional area were measured 
again. The procedure is illustrated in Fig. 1. 

2.3. Muscle cross-sectional area 

The participants lay on a bed and their lower legs were placed on 
another bed so that the measured site of the thigh did not contact the 
beds, in order to measure the vastus lateralis size including the posterior 
surface of the thigh using an ultrasound device (LOGIQ e Premium, GE 
Healthcare) with a 10-MHz linear array probe. The muscle cross- 
sectional area of the vastus lateralis was determined from extended- 
field-of-view ultrasound images, following previous studies (Scott 
et al., 2017). Transversal images were taken at three sites: 30, 50, and 
70% of the distance from the greater trochanter to lateral condyle of the 
femur, determined as proximal, middle, and distal sites, respectively 
(Hirono et al., 2022). The cross-sectional area was determined as the 
area surrounded by the fascia on the image. Images were taken twice 
each at PRE and POST. The mean value of two images, obtained for each 
PRE and POST, was used for further analyses. Averaged values among 
three locations were used as the results at PRE or POST. 

Prior to the present study, the reliability of the muscle cross-sectional 
area measurements was assessed in the other five men (age: 25.7 ± 6.6 
years, height: 174.4 ± 6.2 cm, body mass: 75.4 ± 15.7 kg) who did not 
perform any exercise. The intraclass correlation coefficient (1, 1) was 
0.997, revealing good reliability. 

3. Maximum isometric voluntary contraction and recording of 
high-density surface electromyography during submaximal 
contraction 

The participants were seated in a custom-made dynamometer (Takei 
Scientific Instruments Co., Ltd.) fixed to a force transducer (LU-100KSE; 
Kyowa Electronic Instruments). The hip was flexed at 90 degrees and the 
knee was flexed at 90 degrees. They performed maximum voluntary 
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isometric contraction involving knee extension twice. The peak force 
during the contraction was recorded and the greater value of the two 
measurements was determined as the maximum voluntary contraction 
(MVC) force. The MVC torque was calculated by multiplying the MVC 
force and an arm length, determined as the distance between the knee 
joint axis and force transducer. 

After measuring MVC, the participants performed submaximal ramp- 
up contraction. Ramp contraction consisted of a 17-sec increasing phase 
to 50% of the MVC force level and 10-sec sustained phase at 50% of the 
MVC force level. The sustained phase was not analyzed and was used 
only to ensure reliable motor unit identification. The exerted and target 
forces were shown on a monitor in real time as visual feedback. During 
the submaximal ramp-up contraction, HDsEMG signals were recorded 
from the vastus lateralis using a semi-disposable adhesive grid of 64 
electrodes and a 1-mm diameter and 8-mm inter-electrode distance, 
with one missing electrode in the upper left corner (GR08MM1305, OT 
Bioelectronica, Torino, Italy). The electrode was attached to the skin 
with a bi-adhesive sheet (KITAD064, OT Bioelettronica) after applying 
conductive paste (Elefix Z-181BE, NIHONKOHDEN, Japan). The 

participants’ thigh hair was removed, the skin was cleaned with alcohol, 
and electrodes were attached at the midpoint of the line between the 
head of the greater trochanter and inferior lateral edge of the patella, 
used as the center of the electrode grid, and the line was also used to 
determine the direction of electrode grids, whereby columns of elec-
trodes were aligned along it. A reference electrode was attached on the 
tibial tuberosity. Monopolar surface EMG signals were filtered with a 
bandpass filter from 10 to 500 Hz, and amplified by a factor of 150, 
sampled at 2,048 Hz, and converted to digital form by a 16-bit analog- 
to-digital converter (Quattrocento, OT Bioelectronica, Torino, Italy). 
The signal from the force transducer was synchronized with HDsEMG 
signals on this analog-to-digital converter. 

Recorded monopolar surface EMG signals were transferred to anal-
ysis software (MATLAB R2019a, MathWorks GK, Tokyo, Japan), and 
individual motor units were identified by the Convolution Kernel 
Compensation (CKC) technique using DEMUSE software (ver. 5.0.1; The 
University of Maribor, Slovenia) (Farina et al., 2010; Holobar et al., 
2009). Any physiologically irregular motor unit discharge (<4 and over 
50 Hz) (Adam and De Luca, 2005; Kamen and Knight, 2004; Kirk et al., 

Fig. 1. Experimental protocol PRE: before fatiguing exercise, POST: after fatiguing exercise, MVC: maximal voluntary contraction.  

Fig. 2. Example data of performed torque, discharge rate of individual motor units, and action potential waveform of individual motor units. The graph of discharge 
rate was processed by smoothing. Individual motor unit was tracked between before exercise (PRE) and after exercise (POST). Cross-correlation coefficients of 
example tracked motor unit action potential waveforms was calculated. 
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2021; Welsh et al., 2007) and individual motor unit with firing rates 
showing a coefficient of variation of over 30% were discarded (Fugle-
vand et al., 1993). In addition, detected motor units were tracked be-
tween PRE and POST using the CKC technique in DEMUSE software to 
calculate the motor unit filters which were estimated at PRE and the 
same filters were transferred at POST (Francic and Holobar, 2021), and 
the accuracy of this transfer of the filters were evaluated by cross- 
correlation analysis of motor unit action potential waveforms between 
PRE and POST. Fatiguing can change motor unit action potential 
waveforms (Enoka et al., 1992), but DEMUSE tool can track the gradual 
changes in motor unit action potentials. Example data were represented 
in Fig. 2. 

Discharge rates of individual motor units were calculated from the 
interspike interval. Mean discharge rates of individual motor units were 
calculated from instantaneous discharge rates for the ranges of 0–25% of 
MVC, 25–40% of MVC, and 40–50% of MVC during ramp-up contrac-
tion. Additionally, detected motor units were divided into three groups 
by the recruitment threshold at PRE. Recruitment thresholds of motor 
units were determined from the force level when the motor unit dis-
charges first. A relatively low recruitment threshold group consisted of 
motor units recruited at<25% of MVC (MU0-25), another group con-
sisted of motor units recruited at more than 25% and less than 40% of 
MVC (MU25-40), and a relatively high recruitment threshold group 
consisted of motor units recruited at more than 40% of MVC (MU40-50). 
The group limits were determined empirically after analyzing the 
number and distribution of the detected motor units. 

3.1. Electrically evoked muscle contraction 

Contraction torques of knee extensor muscles during twitch stimu-
lation were measured to estimate muscle contraction properties using a 
constant current stimulator (DS7AH, Digitimer, Ltd., Hertfordshire, UK). 
Two electrodes (4.5 × 28 cm) were attached at proximal and distal sites 
of the quadriceps femoris. According to previous studies (Tomita et al., 
2020; Watanabe and Holobar, 2021), electrodes were located at the 
center to lateral position to cover proximal regions of the rectus femoris 
and vastus lateralis for the proximal site and at the center to medial 
position to cover distal regions of the rectus femoris and vastus medialis 
for distal sites. Electrical stimulation was applied via these electrodes 
with a 200-μs pulse width. The current intensity was increased by 100 
mA until evoked knee extension torque reached a plateau to evaluate the 
maximal twitch torque. The current intensity at PRE was also used at 
POST. At both PRE and POST, the evoked torque was measured twice, 
and the mean value was used for analysis. 

3.2. Fatiguing exercise 

Followed measurements at PRE, participants were seated in a 
dynamometer (CON-TREX; CMV AG, Dübendorf, Switzerland). After 
warm-up, they performed MVC twice using isometric mode at a knee 
joint angle of 90 degrees, and the highest value was determined as the 
baseline value. They performed maximum voluntary isokinetic 
contraction from 90 to 20-degree knee flexion (full extension is 0 de-
grees) using an isokinetic mode. For concentric contraction, they per-
formed maximum voluntary concentric contraction at a speed of 30 
degrees per second and they relaxed during flexion at a speed of 60 
degrees per second. Conversely, in the eccentric contraction task, they 
performed maximum voluntary eccentric contraction at a speed of 30 
degrees per second and relaxed during extension at a speed of 60 degrees 
per second. Under both conditions, one set consisted of ten contractions. 
Immediately after every set, they performed maximum voluntary iso-
metric knee extension at a knee joint angle of 90 degrees, and the torque 
was recorded for assessing the fatiguing condition. Interval rest periods 
were 60 s between sets and they recorded their subjective fatigue using a 
visual analog scale (VAS). If the maximum isometric torque at the in-
tervals was lower than 80% of the baseline torque in two consecutive 

sets, the exercise was stopped. The number of completed sets and VAS 
value after the last set were used in subsequent analyses. 

3.3. Statistical analyses 

All data are presented as the mean ± standard deviation. SPSS 
(version 25; IBM Corp., Japan) was used for statistical analyses. The 
Wilcoxon sighed rank test and paired t-test were used to compare the 
number of completed sets and VAS values between concentric and 
eccentric contraction tasks, respectively. Repeated two-way analyses of 
variance (ANOVAs) using two factors [contraction mode condition 
(concentric vs. eccentric contraction) and test time (PRE vs. POST)] 
were used to analyze the interaction and main effect of muscle cross- 
sectional area and electrically evoked torque. To analyze the motor 
unit discharge rate until 25% of MVC, split-plot ANOVA for the between 
factor of contraction mode condition (concentric vs. eccentric contrac-
tion) and within factor of test time (PRE vs. POST) was used. To analyze 
motor unit discharge rates for ranges of 25–40% of MVC and 40–50% of 
MVC and motor unit recruitment threshold, split-plot ANOVAs for the 
between factors of motor unit groups (MU0-25 vs. MU25-40 vs. MU40- 
50) and contraction mode condition (concentric vs. eccentric contrac-
tion), and the within factor of test time (PRE vs. POST) were used. When 
a significant interaction was found, split-plot two-way ANOVA or 
Tukey’s corrected post-hoc tests were conducted using calculated 
changes in the motor unit discharge rate between PRE and POST. The 
significance was set at 0.05. 

4. Results 

There were no significant differences between concentric and 
eccentric conditions in the number of completed sets (p = 0.307) or VAS 
of the last set (p = 0.493) (Fig. 3). 

Table 1 shows numbers and recruitment threshold of identified 
motor units. Sixty-five motor units for concentric condition and fifty- 
three motor units for eccentric condition were identified and tracked 
for data processing. The number of motor unit detected from individuals 
ranged of 0–12 and 0–17 in concentric and eccentric conditions, 
respectively. The pulse-to-noise ratios, which suggests the accuracy in 
motor unit identify (Holobar et al., 2014), were 28.9 ± 3.2 dB and 25.7 
± 3.3 dB at PRE and POST, respectively. The cross-correlation co-
efficients of waveforms between PRE and POST were 0.81 ± 0.11 
(Fig. 2). 

For the recruitment threshold of the detected motor units, 3-way 
ANOVA revealed the main effect of time, indicating that the recruit-
ment threshold was significantly decreased after the exercises, and also 
revealed a 2-way interaction for the within factor of time and between 
factor of contraction mode, indicating that the decrease in the recruit-
ment threshold after eccentric exercise was significantly greater than 
that after concentric exercise. The ANOVA revealed a 2-way interaction 
for the within factor of time and between factor of motor unit groups and 
post-hoc test revealed that recruitment thresholds of MU25-40 and M40- 
50 were significantly decreased after exercise, but not MU0-25. 

Two-way ANOVA for the discharge rate at MU0-25 (Fig. 4A) and 3- 
way ANOVA for the discharge rate at MU25-40 (Fig. 4B) showed no 
interaction but did show the main effect of time (F = 17.16; p < 0.001, F 
= 210.30; p < 0.001, respectively), indicating that the discharge rate 
significantly decreased after exercise with both contraction modes. 
However, 3-way ANOVA for the discharge rate at MU40-50 showed 
significant 2-way interactions (time × contraction mode; F = 4.63; p =
0.034, time × motor unit group; F = 3.98; p = 0.021, Fig. 4C-a). The 2- 
way interaction of time × contraction mode indicated that concentric 
contraction fatigue induced a significantly greater increase in the 
discharge rate than eccentric contraction (Fig. 4C-b). Post-hoc tests for 
the interaction of time × motor unit group revealed that the discharge 
rate at MU40-50 increased significantly greater than the other groups 
(compared with MU0-25; p < 0.001, compared with MU25-40; p <

T. Hirono et al.                                                                                                                                                                                                                                  



Journal of Electromyography and Kinesiology 67 (2022) 102704

5

0.001, Fig. 4C-c, -d). 
For the muscle cross-sectional area, 2-way ANOVA revealed a sig-

nificant interaction (F = 16.81; p = 0.001) and main effect of time (F =
83.34; p < 0.001, Fig. 5). In both concentric and eccentric contraction 
fatiguing exercises, the cross-sectional area significantly increased, but 
concentric exercise induced a significantly greater increase in the cross- 
sectional area than eccentric exercise. 

For electrically evoked torque, 2-way ANOVA revealed the main 
effect of time (F = 90.46; p < 0.001), but no interaction (F = 2.87; p =
0.110), indicating that there was no difference in contraction properties 
between contraction modes (Fig. 6). The relative values based on MVC 
decreased from 27.0 ± 8.8 and 28.2 ± 7.6 %MVC at PRE to 16.7 ± 8.8 
and 18.8 ± 7.0 %MVC at POST in concentric and eccentric condition, 
respectively. 

5. Discussion 

The present study investigated the effects of fatiguing exercises with 
different contraction modes on neural input from the central nervous 
system estimated by motor unit firing properties using HDsEMG, muscle 
contraction properties evaluated by electrically evoked torque, and 
metabolic responses by measuring the muscle cross-sectional area. The 
results showed that concentric contraction fatiguing exercise induced 
greater increases in the motor unit discharge rate and a greater acute 
increase in metabolic responses than eccentric contraction, even if both 

contraction-mode exercises caused the same decreases of MVC and 
electrically evoked torques. This is the first study to investigate acute 
changes in motor unit firing properties and muscle properties when the 
similar decline of maximum voluntary strength of isometric contraction 
was caused by concentric and eccentric contraction exercises. Addi-
tionally, there was no decrease in mCSA or maximal strength at PRE 
between first visit and second visit (p = 0.920, 0.310, respectively), 
suggesting that interval duration of 7 days could be sufficient for recover 
muscle conditions. 

Motor unit behaviors were evaluated during isometric contraction 
before and after fatiguing exercises. The aim of the present study was to 
compare the neuromuscular changes due to muscle contraction modes, 
but we did not conduct an evaluation of motor units during concentric 
and eccentric contraction, because they had different behaviors (Duch-
ateau and Enoka, 2016). We attempted to compare the effects of 
fatiguing exercise on neuromuscular properties, and the changes of 
motor unit discharge properties, which was assessed during isometric 
contraction, was caused by different fatiguing exercise with different 
contraction. 

During ramp-up contraction until 50% of MVC, the discharge rate 
significantly increased after both concentric and eccentric contraction 
fatiguing exercises (Fig. 4). Previous studies (Cowling et al., 2016; 
Harwood et al., 2012) reported that motor unit discharge rate during 
fatigue significantly decreased during maximal voluntary contractions. 
Although the results of the present study may appear to contradict with 

Fig. 3. Subjective fatigue evaluated by visual analog scale (VA) after completed exercise (left) and the number of completed sets (right). Mean values are shown as 
columns, and standard deviations are error bars. 

Table 1 
Analyzed number of detected motor units and recruitment threshold.   

Condition Detected 
number 

Recruitment threshold 
at PRE (%MVC) 

Recruitment threshold 
at POST (%MVC) 

3-way 
ANOVA 

2-way ANOVA (time ×
contraction mode) 

2-way ANOVA (time 
× motor unit group) 

Main effect 
(time) 

MU0- 
25 

Concentric 22 18.8 ± 4.3 18.5 ± 4.3 F = 0.13 
P = 0.882  

F = 25.30 
P < 0.001 

F = 145.75 
P < 0.001 Eccentric 12 19.0 ± 4.3 17.6 ± 5.4 

Both 34 18.9 ± 4.3 18.2 ± 4.7 
MU25- 

40 
Concentric 25 33.7 ± 4.2 29.9 ± 4.5 
Eccentric 29 33.8 ± 4.2 28.2 ± 4.7 
Both 54 33.8 ± 4.2 29.0 ± 4.6 * 

MU40- 
50 

Concentric 18 43.8 ± 3.0 37.1 ± 4.5 
Eccentric 12 43.4 ± 3.2 34.8 ± 3.9 
Both 30 43.6 ± 3.0 36.2 ± 4.4 * 

Total Concentric 65 31.5 ± 10.7 28.0 ± 8.7 * F = 4.50 
P = 0.036  Eccentric 53 32.6 ± 9.3 27.3 ± 7.5 * 

The values show the mean ± standard deviation. 
PRE: before fatiguing exercise, POST: after fatiguing exercise. 
MU0-25: motor unit group recruited until 25% of MVC, MU25-40: motor unit group recruited at 25 – 40% of MVC, MU40-50: motor unit group recruited at 40 – 50% of 
MVC. 
* p < 0.05 compared with PRE. 
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Fig. 4. Acute changes in motor unit discharge rate. (A) Acute changes in motor unit discharge rate during ramp-up contraction until 25% of MVC. Red points and line 
show concentric contraction fatiguing exercise, and blue points and line show eccentric contraction fatiguing exercise. There is a main effect of time but no 
interaction. PRE: before exercise, POST: after exercise. (B) Acute changes in motor unit discharge rate during ramp-up contraction from 25 to 40% of MVC. Red points 
and line show concentric contraction fatiguing exercise, and blue points and line show eccentric contraction fatiguing exercise. Motor unit groups recruited until 25% 
of MVC (MU0-25) are shown as circles, and motor unit groups recruited from 25 to 40% of MVC (MU25-40) are shown as rhomboids. There is a main effect of time 
but no 3-way or 2-way interactions. PRE: before exercise, POST: after exercise. (C) Acute changes in motor unit discharge rate during ramp-up contraction from 40 to 
50% of MVC. Red points and line show concentric contraction fatiguing exercise, and blue points and line show eccentric contraction fatiguing exercise. Motor unit 
(MU) groups recruited until 25% of MVC (MU0-25) are shown as circles, and MU groups recruited from 25 to 40% of MVC (MU25-40) are shown as rhomboids. MU 
groups recruited at over 40% of MVC (MU40-50) are shown as squares. C-a shows the results of 3-way analysis of variance (ANOVA), with a main effect of time and 
also 2-way interactions (time × contraction mode and time × MU group). After a break down, C-b shows the results of 2-way ANOVA (time × contraction mode), 
with a main effect of time and an interaction. C-c shows the results of 2-way ANOVA (time × MU group), with a main effect of time and an interaction. C-d shows the 
results of a post-hoc test comparing changes from PRE to POST in the discharge rate among the three MU groups. The increase in the discharge rate in MU40-50 group 
was significantly greater than in the other MU groups. PRE: before exercise, POST: after exercise. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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the previous studies (Cowling et al., 2016; Harwood et al., 2012), the 
intensities where motor unit discharge properties were assessed were 
different. We conducted to assess the motor unit discharge pattern 
during submaximal intensity. Focusing on other previous studies 
investigating the properties during submaximal intensities and after 
fatiguing exercise (Contessa et al., 2009; Piitulainen et al., 2012), the 
motor unit discharge rate increases to maintain constant force exertion 
instead of decreasing muscle contraction properties. In the present 
study, maximum voluntary contraction torque decreased to under 80% 
of the baseline, and electrically evoked torque also decreased under both 
conditions (Fig. 5), suggesting that a functional deficit in the peripheral 
muscle contraction properties. The evoked torque was not affected by 
the condition of the central nervous system because the electrically 

evoked torque was regarded as a peripheral function only. The increase 
in motor unit discharge rate might be why muscle force production (the 
electrically evoked torque) was decreased in both condition and neural 
input to muscle (discharge rate) attempted to compensate for the 
impaired force production and to maintain the same knee extension 
torque as PRE, especially during high intensity torque exertion. This 
compensation of increasing discharge rate of active motor units was 
found in other previous works (Contessa et al., 2009; Piitulainen et al., 
2012). In addition, our data revealed the decrease in recruitment 
thresholds (Table 1), suggesting that motor unit recruited by relative 
high threshold was recruited earlier to compensate the decrease of 
muscle contraction properties. After fatiguing exercise, the increase in 
neural input to muscle could compensate for the lack of peripheral 
muscle contraction properties. 

Previously some works have reported discharge rate of low-threshold 
motor unit are greater than that of high-threshold motor unit, which is 
called as onion skin phenomenon. This is observed during submaximal 
ramp-up contraction (Erim et al., 1996), but discharge rate of high- 
threshold motor unit increases greater than that of low-threshold 
motor unit (Oya et al., 2009). In the present study, since motor unit 
discharge behaviors were observed until 50% of MVC based at PRE, 
relatively high-threshold motor units had low discharge rate. After 
fatiguing, relatively high-threshold motor unit changed significantly 
increase in discharge rate (Fig. 4C-d), which suggested relatively high- 
thresholds motor unit can be changeable characteristics to maintain 
muscle strength when peripheral muscle contraction property would be 
damaged, because of general high-threshold motor unit behavior to 
achieve force production across a large range of strength (Grimby et al., 
1979). 

Discharge rates in MU0-25 and MU25-40 significantly increased 
following fatiguing contractions with both contraction modes, and the 
extents of these decreases were not significantly different between 
concentric and eccentric contraction fatiguing exercises (Fig. 4A, B). On 
the other hand, the discharge rate at MU40-50 significantly increased 
under both conditions, and a greater increase in the discharge rate 
occurred after concentric contraction exercise rather than eccentric 
contraction exercise (Fig. 4C-a, -b). Focusing on motor unit groups, the 
increase in the discharge rate became significantly greater after 
fatiguing exercises in the motor unit group with a relatively high 
recruitment threshold than the motor unit group with a relatively low 
recruitment threshold, regardless of the contraction mode (Fig. 4C-c, -d). 
A previous study investigating concentric contraction of the tibialis 
anterior reported that the motor unit discharge rate was greater than 
that during eccentric contraction (Duchateau and Baudry, 2014), 
because concentric contraction required greater energy expenditure 
(Pinniger et al., 2000). Considering that the larger energy cost and ATP 
cost require a high discharge rate of motor units (Christie et al., 2016), 
concentric contraction may induce a high discharge rate among motor 
units. Additionally, it was reported that concentric contraction pro-
moted more metabolic stress (Durand et al., 2003; Vieira et al., 2018). 
Accumulation of metabolites induces an increase in intracellular 
acidosis after exercise, resulting in an acute increase in the muscle size 
(Allen et al., 2008; Watson et al., 1993). An acute increase of the muscle 
size is muscle swelling (Schoenfeld and Contreras, 2014), which is 
important for muscle growth after an intervention (Hirono et al., 2022; 
Schoenfeld, 2013). In the present study, the acute increase in the muscle 
cross-sectional area was also greater after concentric contraction exer-
cise (Fig. 6), suggesting that concentric contraction exercise involved a 
high ATP cost; therefore, the increase in the motor unit discharge rate 
was greater when performing high- intensity contractions. The periph-
eral muscle contraction property evaluated by electronically evoked 
torque was noy different between two conditions (Fig. 5), therefore, we 
consider that the nervous system, not muscle component, induce 
different metabolic and energy productions, which also induced the 
higher discharge rate after concentric fatiguing exercise. 

This study only investigated acute changes in neural input, metabolic 

Fig. 5. Electrically evoked torque There is a main effect of time, but no 
interaction. Red points and line show concentric contraction fatiguing exercise, 
and blue points and line show eccentric contraction fatiguing exercise. PRE: 
before exercise, POST: after exercise. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 6. Acute changes in vastus lateralis muscle cross-sectional area There is a 
main effect of time, and also an interaction. Red points and line show 
concentric contraction fatiguing exercise, and blue points and line show 
eccentric contraction fatiguing exercise. PRE: before exercise, POST: after ex-
ercise. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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responses, and muscle contractile properties. It would be interesting to 
assess whether concentric contraction training contributes to chronic 
muscle strength gain due to an increase of neural input from the central 
nervous system. A previous study reported that eccentric contraction 
training could lead to greater central nervous activation than concentric 
contraction training (Maeo et al., 2018). During eccentric contraction, 
neural activation is inhibited compared with concentric/isometric con-
tractions, whereas after resistance training, such inhibition can be 
downregulated and abolished (Aagaard et al., 2000). It is not yet clear 
how motor unit behavior is altered after chronic concentric or eccentric 
contraction training. A future study should clarify the chronic changes in 
motor unit firing properties after long-term training. 

Because of investigating acute effects, this study could compare two 
conditions in the same participants with a crossover study design. It was 
also possible to track the same motor units and evaluate acute changes in 
the discharge properties of the same motor units because the electrodes 
were attached at PRE and remained on the muscle until POST. The 
electrodes were not detached during exercises. However, the electrodes 
were reattached across concentric and eccentric contraction conditions 
because two conditions were performed separated days between a week, 
therefore we did not match motor units across two conditions. 

This study has some limitations. One of them is that isokinetic con-
tractions which were used in this study are velocity-invariant and are 
not like real-life movements that would have varying torque and ve-
locities that must be adjusted for by the nervous system. Future study is 
needed to investigate the effects of the real-life movements. At second, 
the evaluation at POST was affected by not only fatiguing exercise with 
concentric or eccentric contraction but also some maximal voluntary 
isometric contractions. However, since both conditions included same 
isometric contraction tasks, the effects of muscle contraction tasks other 
than the fatiguing exercise would not be a markedly impact on the 
comparisons between the two conditions. We have another limitation 
about the contraction mode and intensity which were used for the tasks 
to record HDsEMG. During fatigue exercise, the participants performed 
maximal voluntary concentric or eccentric contraction, but during tasks 
where recording HDsEMG, the participants performed isometric 
contraction and until 50% of MVC based at PRE. They might perform 
different motor unit recruit strategies, such as different motor unit pools 
or different synaptic drive regimes due to contraction modes and in-
tensities. Regarding discharge rate variance, we should consider the 
interpretation of the present results as a limitation because Tenan et al. 
(2014) pointed out that individual variance of motor unit discharge rate 
could affect statistical analyses. We performed analysis of co-variance 
with discharge rate during 40 – 50 %MVC at PRE as co-variable due 
to considering the variance, and a significant interaction for the within 
factor of time and between factor of motor unit groups was found (p <
0.001), but no interaction for the within factor of time and between 
factor of contraction mode was found (p = 0.103). In practice, when 
two-way ANOVA for between factors of contraction mode and motor 
unit group was performed to compare discharge rate at PRE, significant 
differences between contraction modes were found (p = 0.048). The 
present results might be interpreted with the baseline differences. 

In conclusion, this study investigated acute changes in motor unit 
discharge, muscle contractile properties, and metabolic responses be-
tween before and after concentric or eccentric contraction fatiguing 
exercises. When maximal voluntary isometric contraction strength 
decreased to 80% of the baseline after the exercises, electrically evoked 
torque also decreased under both conditions. During ramp-up contrac-
tion until 40% of MVC, the motor unit discharge rate increased under 
both conditions after fatigue. During ramp-up contraction from 40 to 
50% of MVC, the increase in the motor unit discharge rate was greater 
after concentric contraction fatiguing exercise than eccentric contrac-
tion. Muscle metabolic responses evaluated by the acute increase in the 
muscle cross-sectional area was greater after concentric than eccentric 
contraction fatiguing exercise. These results suggest that concentric 
contraction fatiguing exercise contributes to greater increases in neural 

input to muscle and metabolic stress than eccentric contraction. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgment 

We thank all the participants for their cooperation in this study. This 
work was supported by Descente and Ishimoto Memorial Foundation for 
the promotion of Sport Science, a Grant-in-Aid from the Japan Society 
for the Promotion of Science Fellows (21J00674) and the Japan Society 
for the promotion of science (JSPS) Bilateral Program (JPJSBP1-82626). 
AH was supported by Slovenian Research Agency (project J2-1731 and 
Programme funding P2-0041). The funders were not involved in the 
design or execution of this study, nor in data preparation. 

References 

Aagaard, P., Simonsen, E.B., Andersen, J.L., Magnusson, S.P., Halkjaer-Kristensen, J., 
Dyhre-Poulsen, P., 2000. Neural inhibition during maximal eccentric and concentric 
quadriceps contraction: effects of resistance training. J. Appl. Physiol. (1985) 89, 
2249–2257. 

Adam, A., De Luca, C.J., 2005. Firing rates of motor units in human vastus lateralis 
muscle during fatiguing isometric contractions. J. Appl. Physiol. (1985) 99, 
268–280. 

Allen, D.G., Lamb, G.D., Westerblad, H., 2008. Skeletal muscle fatigue: cellular 
mechanisms. Physiol. Rev. 88 (1), 287–332. 

American College of Sports Medicine. American College of Sports Medicine position 
stand. Progression models in resistance training for healthy adults. Med. Sci. Sports 
Exerc. 2009;41:687-708. 

Bottas, R., Linnamo, V., Nicol, C., Komi, P.V., 2005. Repeated maximal eccentric actions 
causes long-lasting disturbances in movement control. Eur. J. Appl. Physiol. 94 (1-2), 
62–69. 

Christie, A.D., Foulis, S.A., Kent, J.A., 2016. ATP cost of muscle contraction is associated 
with motor unit discharge rate in humans. Neurosci. Lett. 629, 186–188. 

Contessa, P., Adam, A., De Luca, C.J., 2009. Motor unit control and force fluctuation 
during fatigue. J. Appl. Physiol. (1985) 107, 235–243. 

Cowling, B.L., Harwood, B., Copithorne, D.B., Rice, C.L., 2016. Rate modulation of 
human anconeus motor units during high-intensity dynamic elbow extensions. 
J. Appl. Physiol. (1985) 121, 475–482. 

Delmonico, M.J., Harris, T.B., Visser, M., Park, S.W., Conroy, M.B., Velasquez-Mieyer, P., 
Boudreau, R., Manini, T.M., Nevitt, M., Newman, A.B., Goodpaster, B.H., 2009. 
Longitudinal study of muscle strength, quality, and adipose tissue infiltration. Am. J. 
Clin. Nutr. 90 (6), 1579–1585. 

Duchateau, J., Baudry, S., 2014. Insights into the neural control of eccentric contractions. 
J. Appl. Physiol. (1985) 116, 1418–1425. 

Duchateau, J., Enoka, R.M., 2016. Neural control of lengthening contractions. J. Exp. 
Biol. 219 (2), 197–204. 

Durand, R.J., Castracane, V.D., Hollander, D.B., Tryniecki, J.L., Bamman, M.M., O??? 
neal, SARAH, Hebert, E.P., Kraemer, R.R., 2003. Hormonal responses from 
concentric and eccentric muscle contractions. Med. Sci. Sports. Exerc. 35 (6), 
937–943. 

Enoka, R.M., Trayanova, N., Laouris, Y., Bevan, L., Reinking, R.M., Stuart, D.G., 1992. 
Fatigue-related changes in motor unit action potentials of adult cats. Muscle. Nerve. 
15 (2), 138–150. 

Erim, Z., De Luca, C.J., Mineo, K., Aoki, T., 1996. Rank-ordered regulation of motor 
units. Muscle. Nerve. 19 (5), 563–573. 

Farina, D., Holobar, A., Merletti, R., Enoka, R.M., 2010. Decoding the neural drive to 
muscles from the surface electromyogram. Clin. Neurophysiol. 121 (10), 1616–1623. 

Feger, M.A., Snell, S., Handsfield, G.G., Blemker, S.S., Wombacher, E., Fry, R., et al. 
Diminished Foot and Ankle Muscle Volumes in Young Adults With Chronic Ankle 
Instability. Orthop. J. Sports Med. 2016;4:2325967116653719. 

Francic, A., Holobar, A., 2021. On the Reuse of Motor Unit Filters in High Density Surface 
Electromyograms Recorded at Different Contraction Levels. IEEE. Access. 9, 
115227–115236. 

Fuglevand, A.J., Winter, D.A., Patla, A.E., 1993. Models of recruitment and rate coding 
organization in motor-unit pools. J. Neurophysiol. 70 (6), 2470–2488. 

Gandevia, S.C., 2001. Spinal and supraspinal factors in human muscle fatigue. Physiol. 
Rev. 81 (4), 1725–1789. 

Gonzalez-Izal, M., Cadore, E.L., Izquierdo, M., 2014. Muscle conduction velocity, surface 
electromyography variables, and echo intensity during concentric and eccentric 
fatigue. Muscle. Nerve. 49 (3), 389–397. 

Grgic, J., Lazinica, B., Mikulic, P., Krieger, J.W., Schoenfeld, B.J., 2017. The effects of 
short versus long inter-set rest intervals in resistance training on measures of muscle 
hypertrophy: A systematic review. Eur. J. Sport. Sci. 17 (8), 983–993. 

T. Hirono et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S1050-6411(22)00077-3/h0005
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0005
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0005
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0005
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0010
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0010
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0010
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0015
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0015
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0025
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0025
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0025
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0030
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0030
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0035
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0035
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0040
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0040
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0040
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0045
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0045
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0045
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0045
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0050
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0050
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0055
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0055
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0060
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0060
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0060
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0060
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0065
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0065
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0065
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0070
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0070
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0075
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0075
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0085
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0085
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0085
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0090
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0090
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0095
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0095
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0100
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0100
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0100
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0105
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0105
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0105


Journal of Electromyography and Kinesiology 67 (2022) 102704

9

Grgic, J., Schoenfeld, B.J., Davies, T.B., Lazinica, B., Krieger, J.W., Pedisic, Z., 2018. 
Effect of Resistance Training Frequency on Gains in Muscular Strength: A Systematic 
Review and Meta-Analysis. Sports. Med. 48 (5), 1207–1220. 

Grimby, L., Hannerz, J., Hedman, B., 1979. Contraction time and voluntary discharge 
properties of individual short toe extensor motor units in man. J. Physiol. 289, 
191–201. 

Hanten, W.P., Ramberg, C.L., 1988. Effect of stabilization on maximal isokinetic torque 
of the quadriceps femoris muscle during concentric and eccentric contractions. Phys. 
Ther. 68, 219–222. 

Harwood, B., Choi, I., Rice, C.L., 2012. Reduced motor unit discharge rates of maximal 
velocity dynamic contractions in response to a submaximal dynamic fatigue 
protocol. J. Appl. Physiol. (1985) 113, 1821–1830. 

Hirono, T., Ikezoe, T., Taniguchi, M., Tanaka, H., Saeki, J., Yagi, M., Umehara, J., 
Ichihashi, N., 2022. Relationship Between Muscle Swelling and Hypertrophy 
Induced by Resistance Training. J. Strength. Cond. Res. 36 (2), 359–364. 

Holobar, A., Farina, D., Gazzoni, M., Merletti, R., Zazula, D., 2009. Estimating motor unit 
discharge patterns from high-density surface electromyogram. Clin. Neurophysiol. 
120 (3), 551–562. 

Holobar, A., Minetto, M.A., Farina, D., 2014. Accurate identification of motor unit 
discharge patterns from high-density surface EMG and validation with a novel 
signal-based performance metric. J. Neural. Eng. 11 (1). 

Holobar, A., Zazula, D., 2004. Correlation-based decomposition of surface 
electromyograms at low contraction forces. Med. Biol. Eng. Comput. 42 (4), 
487–495. 

Holobar, A., Zazula, D., 2008. On the selection of the cost function for gradient-based 
decomposition of surface electromyograms. Annu. Int. Conf. IEEE. Eng. Med. Biol. 
Soc. 2008, 4668–4671. 

Hoppeler, H., 2016. Moderate Load Eccentric Exercise; A Distinct Novel Training 
Modality. Front. Physiol. 7, 483. 

Kamen, G., Knight, C.A., 2004. Training-related adaptations in motor unit discharge rate 
in young and older adults. J. Gerontol. A. Biol. Sci. Med. Sci. 59 (12), 1334–1338. 

Kirk, E.A., Christie, A.D., Knight, C.A., Rice, C.L., 2021. Motor unit firing rates during 
constant isometric contraction: establishing and comparing an age-related pattern 
among muscles. J. Appl. Physiol. (1985) 130, 1903–1914. 

Maeo, S., Shan, X., Otsuka, S., Kanehisa, H., Kawakami, Y., 2018. Neuromuscular 
Adaptations to Work-matched Maximal Eccentric versus Concentric Training. Med. 
Sci. Sports. Exerc. 50, 1629–1640. 

Manini, T.M., Clark, B.C., 2012. Dynapenia and aging: an update. J. Gerontol. A. Biol. 
Sci. Med. Sci. 67, 28–40. 

Martinez-Valdes, E., Negro, F., Farina, D., Falla, D., 2020. Divergent response of low- 
versus high-threshold motor units to experimental muscle pain. J. Physiol. 598 (11), 
2093–2108. 

Monster, A.W., Chan, H., 1977. Isometric force production by motor units of extensor 
digitorum communis muscle in man. J. Neurophysiol. 40 (6), 1432–1443. 

Nishikawa, K., 2016. Eccentric contraction: unraveling mechanisms of force 
enhancement and energy conservation. J. Exp. Biol. 219 (2), 189–196. 

Oya, T., Riek, S., Cresswell, A.G., 2009. Recruitment and rate coding organisation for 
soleus motor units across entire range of voluntary isometric plantar flexions. 
J. Physiol. 587, 4737–4748. 

Pasquet, B., Carpentier, A., Duchateau, J., 2006. Specific modulation of motor unit 
discharge for a similar change in fascicle length during shortening and lengthening 
contractions in humans. J. Physiol. 577, 753–765. 

Piitulainen, H., Holobar, A., Avela, J., 2012. Changes in motor unit characteristics after 
eccentric elbow flexor exercise. Scand. J. Med. Sci. Sports. 22, 418–429. 

Pinniger, G.J., Steele, J.R., Thorstensson, A., Cresswell, A.G., 2000. Tension regulation 
during lengthening and shortening actions of the human soleus muscle. Eur. J. Appl. 
Physiol. 81, 375–383. 

Schoenfeld, B.J., 2013. Potential mechanisms for a role of metabolic stress in 
hypertrophic adaptations to resistance training. Sports. Med. 43 (3), 179–194. 

Schoenfeld, B.J., Contreras, B., 2014. The Muscle Pump: Potential Mechanisms and 
Applications for Enhancing Hypertrophic Adaptations. Strength. Cond. J. 36, 21–25. 

Schoenfeld, B.J., Ogborn, D.I., Vigotsky, A.D., Franchi, M.V., Krieger, J.W., 2017. 
Hypertrophic Effects of Concentric vs. Eccentric Muscle Actions: A Systematic 
Review and Meta-analysis. J. Strength. Cond. Res. 31, 2599–2608. 

Scott, J.M., Martin, D.S., Ploutz-Snyder, R., Matz, T., Caine, T., Downs, M., Hackney, K., 
Buxton, R., Ryder, J.W., Ploutz-Snyder, L., 2017. Panoramic ultrasound: a novel and 
valid tool for monitoring change in muscle mass. J. Cachexia. Sarcopenia. Muscle. 8 
(3), 475–481. 

Siegler, J.C., Marshall, P., 2015. The effect of metabolic alkalosis on central and 
peripheral mechanisms associated with exercise-induced muscle fatigue in humans. 
Exp. Physiol. 100 (5), 519–530. 

Tenan, M.S., Nathan Marti, C., Griffin, L., 2014. Motor unit discharge rate is correlated 
within individuals: a case for multilevel model statistical analysis. J. Electromyogr. 
Kinesiol. 24 (6), 917–922. 

Tomita, A., Kawade, S., Moritani, T., Watanabe, K., 2020. Novel perspective on 
contractile properties and intensity-dependent verification of force-frequency 
relationship during neuromuscular electrical stimulation. Physiol. Rep. 8, e14598. 

Vieira, A., Blazevich, A., Souza, N., Celes, R., Alex, S., Tufano, J.J., Bottaro, M., 2018. 
Acute changes in muscle thickness and pennation angle in response to work-matched 
concentric and eccentric isokinetic exercise. Appl. Physiol. Nutr. Metab. 43 (10), 
1069–1074. 

Wan, J.-J., Qin, Z., Wang, P.-Y., Sun, Y., Liu, X., 2017. Muscle fatigue: general 
understanding and treatment. Exp. Mol. Med. 49 (10), e384. 

Watanabe, K., Holobar, A., 2021. Quercetin ingestion modifies human motor unit firing 
patterns and muscle contractile properties. Exp. Brain. Res. 239 (5), 1567–1579. 

Watanabe, K., Holobar, A., Kouzaki, M., Ogawa, M., Akima, H., Moritani, T., 2016. Age- 
related changes in motor unit firing pattern of vastus lateralis muscle during low- 
moderate contraction. Age. (Dordr). 38, 48. 

Watanabe, K., Holobar, A., Mita, Y., Tomita, A., Yoshiko, A., Kouzaki, M., Uchida, K., 
Moritani, T., Le Couteur, D., 2020. Modulation of Neural and Muscular Adaptation 
Processes During Resistance Training by Fish Protein Ingestions in Older Adults. 
J. Gerontol. A. Biol. Sci. Med. Sci. 75 (5), 867–874. 

Watson, P.D., Garner, R.P., Ward, D.S., 1993. Water uptake in stimulated cat skeletal 
muscle. Am. J. Physiol. 264 (4), R790–R796. 

Welsh, S.J., Dinenno, D.V., Tracy, B.L., 2007. Variability of quadriceps femoris motor 
neuron discharge and muscle force in human aging. Exp. Brain. Res. 179 (2), 
219–233. 

T. Hirono et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S1050-6411(22)00077-3/h0110
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0110
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0110
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0115
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0115
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0115
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0120
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0120
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0120
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0125
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0125
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0125
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0130
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0130
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0130
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0135
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0135
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0135
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0140
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0140
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0140
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0145
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0145
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0145
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0150
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0150
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0150
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0155
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0155
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0160
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0160
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0165
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0165
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0165
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0170
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0170
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0170
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0175
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0175
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0180
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0180
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0180
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0185
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0185
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0190
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0190
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0195
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0195
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0195
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0200
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0200
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0200
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0205
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0205
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0210
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0210
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0210
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0215
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0215
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0220
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0220
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0225
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0225
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0225
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0230
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0230
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0230
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0230
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0235
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0235
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0235
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0240
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0240
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0240
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0245
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0245
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0245
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0250
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0250
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0250
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0250
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0255
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0255
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0260
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0260
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0265
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0265
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0265
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0270
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0270
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0270
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0270
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0275
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0275
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0280
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0280
http://refhub.elsevier.com/S1050-6411(22)00077-3/h0280

	Acute changes in motor unit discharge property after concentric versus eccentric contraction exercise in knee extensor
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Procedure
	2.3 Muscle cross-sectional area

	3 Maximum isometric voluntary contraction and recording of high-density surface electromyography during submaximal contraction
	3.1 Electrically evoked muscle contraction
	3.2 Fatiguing exercise
	3.3 Statistical analyses

	4 Results
	5 Discussion
	Declaration of Competing Interest
	Acknowledgment
	References


