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Abstract

The purpose of this investigation was to evaluate the effects of repeated, high-
(HT: 70% MVIC) versus low-torque (LT: 30% MVIC) isometric exercise per-
formed to failure on motor unit (MU) recruitment and firing behavior of the
vastus lateralis. Eighteen resistance-trained males (23.1 £ 3.8 years) completed
familiarization, followed by separate experimental sessions in which they com-
pleted either HT or LT exercise to failure in random order. LT exercise
resulted in a greater time to task failure and a more dramatic decline in the
muscle’s force capacity, but the total work completed was similar for HT and
LT exercise. An examination of the firing trains from 4670 MUs recorded dur-
ing exercise revealed that firing rates generally increased during HT and LT
exercise, but were higher during HT than LT exercise. Furthermore, recruit-
ment thresholds (RT) did not significantly change during HT exercise,
whereas the RT of the smallest MUs increased and the RT for the moderate
to large MUs decreased during LT exercise. Both HT and LT exercise resulted
in the recruitment of additional higher threshold MUs in order to maintain
torque production. However, throughout exercise, HT required the recruit-
ment of larger MUs than did LT exercise. In a few cases, however, MUs were
recruited by individuals during LT exercise that were similar in size and origi-
nal (pre) RT to those detected during HT exercise. Thus, the ability to achieve
full MU recruitment during LT exercise may be dependent on the subject.
Consequently, our data emphasize the task and subject dependency of muscle
fatigue.

Introduction

Voluntary muscle force production is modulated by the
systematic activation of motor units (MUs) of increas-
ingly larger size in accordance with the size principle
(i.e., MU recruitment) (Henneman 1957; De Luca and
Erim 1994; Hu et al. 2013a) and by the alteration of the
firing rates of already recruited MUs (i.e., rate coding).
Larger MUs are activated at higher recruitment thresh-
olds and portray greater action potential amplitudes (i.e.,
size) and twitch tensions in comparison to smaller, low-
threshold MUs (Milner-Brown et al. 1973; Hu et al.
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2013a). As a muscle fatigues over the course of sustained
or repeated submaximal voluntary contractions, it has
been suggested that active MUs increase their firing rates,
and additional, higher threshold MUs are recruited
(Adam and De Luca 2005; de Ruiter et al. 2005; Con-
tessa et al. 2016; Mettler and Griffin 2016). These adap-
tations can be explained as the result of an increase in
the excitation to the MU pool in order to maintain
whole-muscle force production in spite of fatigue-
induced decreases in MU twitch forces (Adam and De
Luca 2003, 2005; de Ruiter et al. 2005; Contessa and De
Luca 2013; Contessa et al. 2016).
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Motor Unit Behavior during Fatiguing High- Versus Low-Torque Contractions

Despite evidence for this understanding of MU behavior
during fatigue (Adam and De Luca 2003, 2005; Contessa
et al. 2016), previous studies have reported that during
fatigue the firing rates of the majority of MUs decrease
while new MUs are recruited (Enoka et al. 1989; Mottram
et al. 2005; Vila-Cha et al. 2012; Kelly et al. 2013; McMa-
nus et al. 2015). However, as noted by Contessa et al.
(2016), it is possible that these conflicting results are due
to the analysis of a small number of MUs that are recorded
from intramuscular electromyographic (EMG) signals
(Enoka et al. 1989; Mottram et al. 2005; Kelly et al. 2013)
which are often grouped across contractions or force levels
(Mottram et al. 2005; Vila-Cha et al. 2012; McManus
et al. 2015). It has been suggested that grouping MU data
in this way misrepresents MU firing behavior (De Luca
and Contessa 2012; Hu et al. 2013a). Furthermore, it is
common practice to characterize MUs by their recruitment
thresholds (RT) (Trevino et al. 2016; others), although
fatigue most likely causes a reduction in MU RT. Conse-
quently, fatigue studies that have characterized MUs in
this way may mistakenly report a decrease in MU firing
rate that is simply the consequence of observing a MU
whose original RT was higher before fatigue.

Due to limitations in technology, it was previously very
difficult or impossible to examine the behavior of large
populations of MUs across a wide range of forces. Recently,
however, noninvasive methods of MU recording have been
developed, capable of extracting the activities of single
MUs from the superficial surface of the skin. In this study,
we utilize recently developed surface EMG (sEMG) record-
ing and decomposition technology, originally described by
De Luca et al. (2006) and improved upon by Nawab et al.
(2010), to obtain the individual firings of dozens of MUs
during fatiguing low- (30% maximal voluntary contraction
strength (MVIC)) and high-torque (70% MVIC) contrac-
tions. With the high accuracy and large number of detected
MUs during isometric contractions, this technology has
been proven advantageous in examining the behavior of
MUs under varying conditions. For example, previous
studies have characterized the behavior of the MU pool by
examining the slopes and y-intercepts of the MU firing rate
versus RT relationship, MU firing rate versus MU ampli-
tude relationship, and/or the MU amplitude versus RT
relationship (Hu et al. 2013a; Pope et al. 2016; Trevino
et al. 2016). Interestingly, these relationships have been
shown to be sensitive to muscle fiber type composition
(Trevino et al. 2016), training status (Herda et al. 2015)
and resistance training (Pope et al. 2016), as well as force
level (De Luca and Nawab 2011; Hu et al. 2013a, 2014a),
and fatigue (Contessa et al. 2016).

Considering the aforementioned increase in excitation
to the MU pool during fatiguing submaximal contractions,
it has been hypothesized that resistance training with
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low-loads to failure will result in activation of the entire
MU pool (Mitchell et al. 2012; Potvin and Fuglevand
2017b). Recently, a model was developed by Potvin and
Fuglevand (2017a) that predicted that all available MUs
would be recruited during low-force isometric contractions
to fatigue. These investigators applied this model to com-
pare MU behavior during simulated fatiguing low- (i.e.,
20% MVIC) versus high-force contractions (i.e., 80%
MVIC), and predicted that low-force contractions sus-
tained to volitional fatigue would result in the eventual
recruitment of the entire MU pool (Potvin and Fuglevand
2017b). However, it has been previously shown that,
although muscle activation (i.e., EMG amplitude) increases
throughout fatiguing submaximal isometric exercise, it
may not reach maximal levels (Petrofsky et al. 1982; Fugle-
vand et al. 1993). Furthermore, the decrement in muscle
activation at the end of submaximal, fatiguing exercise has
been shown to be inversely proportional to the force-level
of contraction (Fuglevand et al. 1993; Jenkins et al. 2015).
That is, muscle activation reaches higher levels during
fatiguing high-force (i.e., 80% MVIC) than low-force con-
tractions (i.e., 20% MVIC) (Petrofsky et al. 1982; Fugle-
vand et al. 1993; Alkner et al. 2000). Although EMG
amplitude may not directly reflect neural drive to the mus-
cle (Enoka and Duchateau 2015), these data may suggest a
limitation in muscle excitation that is most dramatic
during low-force fatiguing submaximal contractions.

Given the conflicting reports of MU behavior during
fatiguing exercise, the paucity of studies examining MU
behavior during fatiguing high-torque contractions, and
the assertion that low-torque contractions will cause
recruitment of the entire MU pool (Potvin and Fuglevand
2017a), the purpose of this investigation was to evaluate
the effects of repeated, high- (ie., 70% MVIC) versus
low-torque (i.e., 30% MVIC) isometric knee extension
exercise performed to failure on MU recruitment and fir-
ing behavior of the vastus lateralis. We hypothesized that:
(1) fatigue would result in recruitment of larger, higher
threshold MUs in both exercise conditions, (2) that MU
firing rates would increase with fatigue, (3) that MU fir-
ing rates would be higher during the high- than low-tor-
que contractions, regardless of whether during early or
late fatigue, and (4) that MUs with greater action poten-
tial amplitudes (MUAPpp) would be observed during
high-torque contractions, compared to the low-torque
condition.

Methods

Subjects

Eighteen resistance-trained men completed this study,
whose characteristics are described in Table 1. To be
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Table 1. Subject Characteristics: Mean + Standard deviation (SD)

Motor Unit Behavior during Fatiguing High- Versus Low-Torque Contractions

Age (yrs.) Height (cm) Weight (kg) FM (kg) M (%) FFM (kg) FFM (%) Resistance-training History (yrs.)
Mean 23.1 176.4 85.5 13.6 15.3 72.0 85.0 7.4
SD 3.8 6.6 11.0 8.1 7.9 7.9 83 4.5

eligible for this study, each subject must have been: (1)
between the ages of 18 and 39 years, (2) free from any
physical limitations defined as any musculoskeletal injury,
neuromuscular disorder, or chronic illness that may have
limited exercise tolerance or performance, and (3) must
have been resistance training their lower body for at least
six consecutive months prior to the start of the study.
Prior to participation, each participant signed an
informed consent form and completed a health history
questionnaire. This study was approved and carried out
in accordance with the recommendations of the Okla-
homa State University Institutional Review Board for the
protection of human subjects (IRB Application #: ED-16-
141).

Experimental design

A randomized, repeated measures, within-group design
was used for this investigation. Each subject visited the
laboratory three times. Each visit was separated by 48—
96 h and occurred at the same time of day (£2 h). Dur-
ing the first visit (Visit 0), subjects completed body com-
position analysis and familiarization, which included
practicing maximal isometric contractions and tracking
target torque trajectories during maximal and submaximal
trapezoidal ramp tracings at the target torques to be used
at Visits 1 and 2. Upon arrival to the laboratory for Visits
1 and 2, subjects completed a 5-min dynamic warm-up
on a cycle ergometer, maximal and submaximal isometric
contractions followed by 10 min of rest, and then unilat-
eral, isometric leg extension exercise to volitional failure
at a high- (HT; 70% MVIC) or low-torque (LT; 30%
MVIC). The torque used was randomized for Visits 1 and
2. Throughout Visits 1 and 2, sEMG signals were col-
lected with a 5-pin dEMG array sensor placed over the
vastus lateralis (VL) to obtain the firing events of single
MUs (described below). Subjects were asked to refrain
from partaking in any vigorous physical activity for 24 h
or any outside lower body exercise for 48 h, as well as
abstain from consuming any ergogenic aids (e.g., caffeine)
prior to Visits 1 and 2.

Isometric testing

Subjects were seated on an isokinetic dynamometer (Bio-
dex System 4; Biodex Medical Systems, Inc. Shirley, NY,
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USA) with straps securing the trunk and pelvis, and the
lateral epicondyle of the femur aligned with the input axis
of the dynamometer. All isometric testing and exercise
was performed at a knee angle of 120° extension. Isomet-
ric knee extension torque (Nm) was measured through
the lever arm of the isokinetic dynamometer, with the
pad positioned 3—4 cm above the medial malleolus. The
torque signal was displayed in real-time on an external
computer monitor for visual feedback to ensure accurate
torque trajectory replication.

Once secured in the isokinetic dynamometer, partici-
pants performed two, 5 sec maximal MVICs, with approxi-
mately 60 sec of rest provided between contractions to
avoid fatigue. The greatest torque achieved during a 1 sec
epoch during the MVICs was recorded as the maximal tor-
que output (Nm) for each subject and was used to calculate
the target torque trajectories during subsequent isometric,
trapezoidal contractions. Furthermore, maximal sEMG
amplitude during this MVIC was quantified from a paral-
lel-bar, bipolar, sEMG sensor with an interelectrode dis-
tance of 10 mm (Delsys DE-2.1, Delsys, Inc., Natick, MA,
USA) placed on the VL in accordance with the SENIAM
recommendations (Hermans et al. 1999). Following MVIC
testing, participants performed a single maximal isometric
trapezoidal contraction by tracking a 100% MVIC target
torque trajectory displayed on a computer monitor. During
this maximal tracing, trajectories increased linearly at a rate
of 20% MVIC sec”' to 100% MVIC, where it was held for
6 sec before decreasing linearly at a rate of 20%
MVIC sec™" until returning to baseline.

Fatigue protocol

Following 10 min of rest, subjects then performed
repeated submaximal, isometric trapezoidal contractions
to failure by tracking target torque trajectories displayed
on a computer monitor at either 70% MVIC (HT) or
30% MVIC (LT). During both conditions trajectories
increased linearly at a rate of 10% MVIC sec ' up to
70% or 30% MVIC, remained there for 7 sec or 37.2 sec,
respectively, and then declined linearly at a rate of 10%
MVIC sec”' until returning to baseline. Subjects were
instructed to maintain their torque output as close as
possible to the displayed torque trajectory. An example
force trajectory and force tracing at 30% MVIC are pro-
vided in Figure 1. Subjects performed these contractions

2018 | Vol. 6 | Iss. 8 | e13675
Page 3



Motor Unit Behavior during Fatiguing High- Versus Low-Torque Contractions

T. W. D. Muddle et al.

MUAP
Cht
Accuracy (%)
68 - 93.0 L0000 0000000 000000 0000 000000011000 000 0 0010000000000 001110050 RDUBIP 00 000 0 0000008 0010100 1000000001000 000000000000 U 01 1010 0 1010 10011 1 000 g
67 4 94.9 Rl 1 L
65 - 927 ey 0 LA #Y m F1ILS VY T - : L ma B |
64 - 919 A A ¥ M, SRR ek 4 1"t AP ) ® ¥ A om0 %
63 - 91.0
62 |1 93.8 1) LTI L0100 UL 0 (ORI 00 O S0 0 0 OB | L0 00 (AT TR0 TS ARSI IRTITRTTEETT T
61 - 925 »
60 4 933 w UL A0S0 00000 RO 0 OO0 10000 URDA) RORMOSD R ACDPOIU B | 0O O) 0N 0 SOQN01 L1 0 0ROANIIER | RUOURIIN LALIRRD JITE STRVRETINT ISV AR AR S TR 0T 10 AR TTRTRITHAT) 7 T
59 4 925 S AR
58 4 93.7 i
57 - 91.8 p %
56 - 924 °
54 - 93.8 R RTTT [LALBLL L Rl 1000 L (IR 1 TR AR BT TR T LITTTTE B AT AT T L LT R
53 - 91.4
52 - 94.4 I it i L 0 L LB e m i
50 - 92.0 .
49 - 939 o
48 - 932 {) 2 2
§ 47 929 3
[3 46 4 911 . LT It [ il I THTRE T 1L 1 I LT TP T 1L VR THEITETEETHE T TR LT SRHIHTITE ‘;
27449 93.8 " 2
= 43 - 923 T TR o T g
S 42 - 933 1 ;
541 914 .
©38 911 15 =<
[3)
= 36 o 941 4
LLLLBLI 0 SO 10 LD Lo i} HETHIE W T [} LT T TOR TS TR T S5 0T8T BT T A TTS i
ML “
JIT W] L0 LR ARRELARIEN LRI L 1 L B UNTTHIET T SO WTETRRE LTI v AT ALTLMT TR I RES T (11N
A 10
(Il "
SUIETTITHU G0 ST 07T B E CEEIT TS T WO PTG S TTTE ST S TR TR RIS UL TVTERRTT TR TS § D e TS TR TSR TITfE BE ATETRTEA I B TRR AR EE TN T FTh i g
| {0 LA DB S0 NN R0 L BRI SUETIN] TN L {{I[ (N8 /01N AL R ORRLLL Lo RULEL I
-
5
LERND 00O N 1110 U 000 O O 0 CONRRAY 00 00 Y M) M YO0 0000 O 0 1000 S OO COANAM | (N 0 NSO {10 DI N0 OO0 R0 O 01 "
LA T TEIR S 1] TG
w
uL
. -0
I I I T I | I I I
0p 10 20 5 10 15 20 25 30 35 40 45 50
Time Time (sec)
(msec)

Figure 1. Example trapezoidal torque tracing (solid black line) and the accuracies, recruitment, and derecruitment thresholds (indicated by
colored circles), and spike trains (rows of colored vertical lines under the torque tracing) of individual motor units for one subject from a

repetition during the low-torque exercise bout (i.e., 30% MVIC).

until they could no longer consistently achieve the target
torque level (as indicated by an inability to maintain tor-
que within 5% of the target [HT: <65%, LT: <25%]).
Approximately 6-7 sec of rest was provided between con-
tractions during the HT and LT exercise bouts.

The number of repetitions performed during the HT
and LT exercise were monitored and recorded. The total
work performed during the HT and LT exercise bouts
was calculated for each subject as the product of the
number of repetitions performed, torque during contrac-
tion (Nm), and time (s) of contraction (note that the
ramp up to and down from target torque were included
in the calculation for work). Time to task failure was
defined as the total time at the target torque during the
HT (i.e., 70% MVIC) or LT (i.e.,, 30% MVIC) exercise
for each subject.

Motor unit recording and analysis

During the trapezoidal, maximal and submaximal (i.e.
fatiguing) isometric contractions, sEMG signals were
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collected from the vastus lateralis using a five-pin, four-
channel surface electrode array (Delsys, Inc., Natick, MA,
USA). Prior to sensor placement, the surface of the skin
was carefully prepared by shaving, removing superficial
dead skin via abrasion and adhesive tape, and cleansing
with alcohol. The sensor was secured to the skin with
hypoallergenic tape at approximately two-thirds of the
distance between the center of the muscle belly toward
the distal tendon (Zaheer et al. 2012) and a reference
electrode was placed on the spinous process of the C7
vertebrae. The signals from the four channels of the
dEMG array sensor were differentially amplified, filtered
between 20 and 450 Hz, and sampled at 20 kHz using a
16-channel Bagnoli EMG acquisition system (Contessa
et al. 2016) (Delsys, Inc., Natick, MA, USA) and recorded
on a computer for off-line analysis.

Action potentials were extracted into the firing events
of single MUs from the four separate EMG signals using
the Precision Decomposition III (PDII) algorithm
described by De Luca et al. (2006) and improved upon
by Nawab et al. (2010). The PDIII algorithm has been
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shown to reliability discriminate the discharge characteris-
tics of large numbers of individual MUs during voluntary
contractions up to maximal force levels (Nawab et al.
2010). Furthermore, the accuracy and validity of the
decomposition methods used herein have previously been
confirmed using both two-source (i.e., intramuscular vs.
sEMG) and reconstruct-and-test procedures (De Luca and
Contessa 2012; De Luca et al. 2006; De Luca and Hostage
2010), and has been independently validated by Hu et al.
(2013b,c, 2014b) wusing simulated signals and signals
occurring in vivo.

The accuracies of the extracted firing instances for the
detected MUs were tested using the Decompose-Synthe-
size-Decompose-Compare test (De Luca and Contessa
2012), with only the recorded firing trains that achieved
an accuracy >90% used for further analysis. The firing
rate curves of each MU were computed by low-pass filter-
ing the impulse train with a Hanning window of 2 sec
duration. Custom-written software programs (Labview
2016; National Instruments, Austin, TX, USA) were used
to calculate the following parameters for each validated
MU:

(1) Recruitment threshold (RT): defined as the relative
torque (%MVIC) at which the MU first discharged;

(2) Mean firing rate (MFR): calculated as the average fir-
ing rate (pulses sec”' (pps)) during the plateau in
each individual MU’s firing curve; and

(3) Motor wunit action potential amplitude (MUAPpp):
defined as the average peak-to-peak amplitude (mV)
of the unique action potential waveforms from the 4
sEMG channels provided by the decomposition algo-
rithm.

Both the shape and size of the MUAP waveforms pro-
vided by the PDIII algorithm agree with those derived
using spike-triggered averaging (Hu et al. 2013b). Fur-
thermore, the size of the MUAP waveform (MUAPpp) has
been shown to increase systematically with recruitment
threshold in accordance with the size principle (Hu et al.
2013a, 2014a; Pope et al. 2016).

Motor unit behavior during fatigue

To examine MU behavior during the fatiguing HT and
LT exercise bouts, we examined MFR versus MUAPpp
and RT versus MUAPypp relationships for each individual
subject. In addition, MUAPpp data from each condition
(HT vs. LT) were normalized to maximal sEMG ampli-
tude (calculated as the highest 500 ms EMG value
obtained) during the prefatigue MVIC and were pooled
and binned in 10% increments based on RT (%MVIC).
This allowed us to further examine the changes in
MUAPpp within given RT ranges, across subjects, for HT
versus LT exercise.
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Examination of maximal detected motor
unit action potential amplitude during
exercise

During both the high- and low-torque fatigue protocols,
the MU with the largest MUAPpp was identified during
the first, early, middle, late, and last repetitions of each
condition, occurring at 0%, ~25%, ~50%, ~75%, and
100% of each subject’s individual total number of repeti-
tions, respectively, and utilized in subsequent analyses.
First, we recorded its MUAPpp and its RT. Second, we
selected the MU with the greatest MUAPpp for each sub-
ject during HT and LT exercise independent of repetition
(maxMUAPpp) and predicted its original RT from an
unfatigued, maximal contraction (as described below).
Finally, we expressed the maxMUAPypp relative to the sub-
ject’s maximal predicted MUAPpp from an unfatigued,
maximal contraction (as described below).

Predicted recruitment threshold and
maximal motor unit size in unfatigued
muscle

Each participant completed a maximal isometric ramp
contraction using a trapezoidal trajectory prior to both
the submaximal high- and low-torque fatigue protocols in
order to determine individual MUAPpp versus RT and
RT versus MUAPypp relationships in unfatigued muscle.
We used regression analyses to fit models to the MUAPpp
versus RT and RT versus MUAPpp relationships. For most
subjects, these relationships were fit with simple linear
regression equations as follows:

Y=bX)+a (1)

where Y was the predicted MUAPpp or RT values, X was
the RT or MUAPpp values, b was the slope, and a was the
y-intercept. However, for several subjects, the relation-
ships were better fit with a polynomial model and led to
more accurate predictions. For these subjects, these rela-
tionships were represented as follows:

Y =a(X*) +b(X)+c )

where Y was the predicted MUAPpp or RT values, X was
the RT or MUAPpp values, a was the quadratic coeffi-
cient, b was the linear coefficient, and ¢ was the constant.
Therefore, these equations were determined for each indi-
vidual subject from a prefatigue, maximal trapezoidal
tracing on both the high- and low-torque experimental
testing days to account for potential interday variability
in the relationships.

In order to predict the original recruitment threshold
of the maxMUAPpp during the high- and low-torque
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exercise, the maxMUAPpp was entered as the X-value in
Equations 1 or 2 for the RT versus MUAPyp relationships
for each participant. This provided a Y-value which was
the predicted RT for a MU of comparable size during the
un-fatigued maximal contraction prior to exercise.

In order to determine how the maxMUAPpp during
the high- and low-torque exercise compared to each par-
ticipants’ maximal MUAPpp, an RT of 100 was entered as
the X-value in Equations 1 or 2 for the MUAPpp versus
RT relationships for each participant during each visit.
This provided a Y-value which was the largest (maximal)
predicted MUAPpp during the unfatigued maximal con-
traction prior to exercise. The maxMUAPpp was then
expressed as a percentage of the largest (maximal) pre-
dicted MUAPpp (%Maxprep) for each subject during the
high- and low-torque exercise.

Statistical analyses

Dependent samples t-tests were used to compare MVIC
strength and the largest predicted MUAPpp between test-
ing days, as well as the total repetitions, work performed,
and time to task failure during the high- versus low-tor-
que fatiguing exercise bouts. The relationships between
MVIC strength and time to task failure during the HT
and LT conditions were analyzed with Pearson Correla-
tion Coefficients using a one-tailed test, because we
hypothesized that time to task failure would increase as
MVIC strength decreased. We also examined the relation-
ships between the predicted original RT of the max-
MUAPpp during fatigue and time to task failure during
the high- and low-torque conditions with Pearson Corre-
lation Coefficients. However, these relationships were
examined using a two-tailed test.

Linear regression analyses were performed to calculate
slope and y-intercept values for the MUAPpp versus MFR
and the MUAPpp versus RT relationships for each indi-
vidual subject and contraction during the HT and LT
exercise (i.e., First, Early, Middle, Late, Last). Two sepa-
rate two-way repeated measures analyses of variance
(ANOVAs) [Torque (70% MVIC vs. 30% MVIC) x Rep-
etition (First vs. Early vs. Middle vs. Late vs. Last)] were
used to examine differences among the slope and y-inter-
cept values. When appropriate, follow-up analyses
included one-way ANOVAs and paired-samples t-tests. In
addition, the slopes and y-intercepts of these relationships
at each repetition (First, Early, Middle, Late, Last) were
regressed against the corresponding repetition during HT
and LT exercise using polynomial regression to examine
the pattern of change in the slopes and y-intercepts across
time in each condition. Finally, the mean slopes and
intercepts of the individual relationships were used to
construct the average linear regression line at each
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repetition during HT and LT exercise to more clearly
illustrate the pattern of change across time during each
condition.

The maximal detected MUAPpp and its associated RT
during the first, early, middle, late, and last repetitions
during HT versus LT were analyzed with two separate
two-way repeated measures ANOVAs [Torque (70%
MVIC vs. 30% MVIC) x Repetition (First vs. Early vs.
Middle vs. Late vs. Last)]. When appropriate, follow-up
analyses included one-way ANOVAs and paired-samples
t-tests. The maxMUAPpp and the predicted original RT of
maxMUAPpp during HT versus LT exercise were com-
pared with dependent samples t-tests. Likewise, the max-
MUAPpp expressed relative to the largest predicted
MUAPpp during HT versus LT exercise was compared
with a dependent samples t-test. For all analyses, an alpha
of 0.05 was considered statistically significant.

Results

MVIC strength, max predicted MU size,
repetitions, work, and time to task failure

There was no difference in MVIC strength prior to HT
versus LT exercise (mean £ 95% confidence inter-
val = 291.72 £ 38.86 Nm Vs, 297.76 £ 38.05 Nm,
t;7 = —1.11, P = 0.28). Likewise, there was no difference
in the largest predicted MUAPpp between the HT versus
LT testing days (753.26 £ 145.22 uv vs.
777.06 + 170.92 uV; t;; = 0.29, P = 0.77). The partici-
pants completed the same number of repetitions
(12.72 4+ 4.09 vs. 10.11 &£ 3.31, respectively; t;; = 2.04;
P=10.057) and the same amount of total work
(35,565.31 + 8809.42 au vs. 34,711.84 + 9124.90 au,
respectively; t;; = 0.24; P = 0.95) during the HT versus
LT exercise (Fig. 2). However, they had a greater time to
task failure (386.24 £ 126.49 sec vs. 87.11 £ 28.61 sec,
respectively; t;; = —5.97; P < 0.001) during the LT versus
HT exercise. MVIC strength was inversely related to time
to task failure (Fig. 3) during both HT (r= —0.53;
P =10.02) and LT (r = —0.42; P = 0.04). The predicted
original RT of the maxMUAPpp was not significantly
related to time to task failure during HT (r = 0.38;
P=0.12) or LT (r=0.35 P =0.16) exercise (Fig. 3C
and D).

Motor unit firing rate modulation during
fatigue

Examination of the pattern of change for the average
MER versus MUAPypp slopes (Table 2) indicated a slight,
linear increase (r* = 0.70) in slope during HT and a
quadratic relationship (R* = 0.98) characterized by an

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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increase from the first to middle repetition, a plateau
from the middle to late repetition, followed by a decrease
from the late to last repetition during LT exercise
(Fig. 4A). The ANOVA analysis indicated that there was
no torque X repetition interaction (F, 4 = 1.13; P = 0.35;
nf, =0.06) or main effect for torque (Fy;; = 3.27;
P =0.09; nf, = 0.16), but there was a main effect for repe-
tition (F,6g = 4.55; P = 0.003; nf, = 0.21) for the average
slopes of the individual MFR versus MUAPypp relation-
ships (Fig. 4A). The slopes increased (i.e., became less
negative) from the first to the middle repetition
(P =0.01), and then did not change from the middle to
the last repetition (all P > 0.31).

Inspection of the average MFR versus MUAPpp y-inter-
cepts (Table 2) suggested a cubic pattern of change dur-
ing HT exercise (R® = 0.86) characterized by a plateau
from the first to early repetition, an increase from the
early to late repetition, and a plateau or slight decrease
from the late to last repetition (Fig. 4B). There was a
quadratic pattern of change for LT exercise (R* = 0.94)
that was characterized by a decrease from the first to
middle repetition and then an increase from the middle
to last repetition (Fig. 4B). The ANOVA analysis indi-
cated that there was no torque x repetition interaction

0
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(Fyes = 2.26; P = 0.07; nf, = 0.12) or main effect for rep-
etition (F,¢s = 1.50; P = 0.21; n; = 0.08), but there was a
main effect for torque (Fyq3 = 18.76; P < 0.001;
nlzJ = 0.53) for the y-intercepts of the individual MFR ver-
sus MUAPpp relationships (Fig. 4). The y-intercepts were

greater during the HT than LT exercise.

Motor unit recruitment threshold
modulation during fatigue

Examination of the pattern of change for the average slopes
of the RT versus MUAPypp relationships (Table 3) suggested
a slight, linear decrease (* = 0.79) during HT and a quad-
ratic decrease (R* = 0.95) during LT exercise (Fig. 5A).
The ANOVA analysis indicated a torque X repetition inter-
action (Fy¢s = 2.81; P = 0.03; rzﬁ = 0.14). There was no
significant change in slope across repetitions during HT
exercise (Fyes = 1.20; P = 0.32; nf, = 0.07). During LT
exercise, the slope did not change from the first to the mid-
dle repetition (P > 0.08), but decreased significantly from
the first, early, and middle repetitions to the late and last
repetitions (all P < 0.02; Fig. 5A). There were no signifi-
cant differences in slope for any repetitions during HT ver-
sus LT exercise (all P > 0.054).
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Figure 4. (A-B) The (A) slopes (pps uV~") and (B) y-intercepts (pps) of the mean firing rate (MFR) versus motor unit action potential amplitude
(MUAPgp) relationships during the first, early, middle, late, and last repetitions of the high-torque (solid circles, black dotted line) and low-
torque (open circles, gray dotted line) exercise conditions. (C-D) The average linear regression lines for the MFR versus MUAPpp relationship for
the first, early, middle, late, and last repetitions during the (C) high-torque and (D) low-torque exercise. *indicates a significant main effect for
torque (HT > LT); findicates a significant increase from the first repetition, independent of torque
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Figure 5. (A-B) The (A) slopes (pps-uV~") and (B) y-intercepts (pps) of the recruitment threshold (RT) versus motor unit action potential
amplitude (MUAPgp) relationships during the first, early, middle, late, and last repetitions of the high-torque (solid circles, black dotted line) and
low-torque (open circles, gray dotted line) exercise conditions. (C-D) The average linear regression lines for the RT versus MUAPpp relationship
for the first, early, middle, late, and last repetitions during the (C) high-torque and (D) low-torque exercise. *indicates a significant main effect
for torque (HT > LT); findicates significant differences between repetitions in the LT condition, only.

Examination of the pattern of change for the average y-
intercepts of the RT versus MUAPpp relationships
(Table 3) suggested quadratic changes across repetition
during both HT (R* = 0.86) and LT (R* = 0.92) exercise
(Fig. 5B). During HT, the change was best characterized
as a slight decrease from the first to early repetition, fol-
lowed by an increase from the early to last repetition.
Whereas, during LT, the change was characterized by an
increase from the first to late repetition, followed by a
decrease from the late to last repetition. The ANOVA
analysis indicated a torque X repetition interaction
(Faes = 2.94; P = 0.03; nlz) = 0.15). There was no signifi-
cant change in y-intercept during HT exercise
(Fy6s = 1.03; P = 0.40; n}z7 = 0.06). During LT exercise,
however, the y-intercept increased from the first to the
early repetition (P = 0.02), plateaued from the early to
the late repetition (all P > 0.08), and then decreased from
the late to the last repetition (P = 0.01). The y-intercepts
were greater during HT than LT exercise (all P < 0.01)
for all repetitions.

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Maximal detected motor unit action
potential amplitude during exercise

For maximal detected MUAPpp (maxMUAPpp) during
the first, early, middle, late, and last repetitions (Fig. 6),
there was mno torque x repetition interaction
(Fyes = 1.11; P = 0.36; nlz, = 0.06), but there were main
effects for torque (F;,; = 36.02; P < 0.001; n}z7 = 0.68)
and repetition (F,q = 9.16; P < 0.001; nf) = 0.35). Fur-
thermore, maxMUAPpp was greater during HT than LT
exercise, independent of repetition (Fig. 7). In addition,
maxMUAPpp (collapsed across load) did not change from
the first to early repetition, but increased from the first
and early repetition to the middle repetition (all
P <0.01) and then plateaued from the middle to the last
repetition (all P > 0.56; Fig. 6C). There was no torque X
repetition interaction (F,gg = 0.91; P = 0.42; nf, = 0.06),
but there were main effects for torque (F;;; = 377.65;
P < 0.001; nf, =0.96) and repetition (F,6s = 4.82;

P =0.002; n; =0.22) for the RT associated with the
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Figure 6. (A-B) The mean (+£95% confidence interval) maximal
detected MUAPpp and corresponding RT, respectively, in the high-
torque (black open circles, black dotted line) and low-torque
(orange open circles, gray dotted line) exercise conditions.
*indicates a significant main effect for torque (HT > LT); findicates
significant differences between repetitions, independent of torque.

maximal detected MUAPpp (maxMUAPpp) during each
repetition. The RT associated with the detected max-
MUAPpp was greater during HT than LT exercise, inde-
pendent of repetition (Fig. 6D). Furthermore, RT
(collapsed across load) did not change from the first to
the early repetition, but increased from the first to the
middle repetition and from the early to the late repeti-
tion, but was not different from the first repetition during
the last repetition (Fig. 6D).

Predicted recruitment threshold and
maximal motor unit size

Figure 7 displays the mean, 95% confidence intervals, and
individual data points for maxMUAPpp, the predicted
original RT of maxMUAPpp, and maxMUAPpp relative to
each subject’s maximal predicted MUAP amplitude. The
maxMUAPpp was greater in HT than LT exercise
(595.27 £ 95.88 uV vs. 401.08 £ 69.28 uV, respectively;
t1; = 4.95, P < 0.001). The predicted original RT of max-
MUAPpp was also greater during HT versus LT exercise
(82.13 £ 12.97%MVIC vs. 64.19 + 7.17%MVIC, respec-
tively; t; = 2.59, P =0.02). Finally, the maxMUAPpp
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expressed relative to the largest predicted MUAPpp was
greater during HT versus LT exercise (88.86 £ 18.39%
Maxprep Vs, 57.67 £ 12.23%Maxpren;  Hy = 2.91,
P = 0.009).

Discussion

To our knowledge, this is the first study to examine and
report MU behavior from a large population of active
MUs during HT and LT contractions performed to voli-
tional fatigue. There was no difference in MVIC strength
prior to exercise, or in the total repetitions and total work
completed during exercise between conditions (Fig. 2).
However, during LT exercise, participants exhibited a
greater time to task failure and, by nature, a more dra-
matic decline in the muscle’s force capacity than observed
during the HT condition. During both HT and LT, time
to task failure was inversely related to MVIC strength
(Fig. 3A and B). We observed the behavior of 4670 MUs
across 18 subjects during HT and LT exercise (HT = 1582
MUs; LT = 3088 MUs). The average number of MUs
analyzed per contraction was 17.6 (£3.2) in the HT con-
dition and 34.2 (£7.5) in the LT condition. Although fir-
ing rates increased throughout both HT and LT exercise
(Fig. 4), the MFRs were higher throughout HT exercise
than LT exercise (Fig. 4). Furthermore, LT exercise
resulted in significant changes in RT across the MU pool,
but HT did not (Fig. 5). Regardless, both HT and LT
performed to fatigue resulted in the recruitment of addi-
tional, larger MUs (Fig. 5C and D) and, despite the more
remarkable reduction in RT and corresponding MU
recruitment during LT exercise, on average, larger MUs
were recruited during the HT than LT exercise.

During repeated submaximal contractions at 30%
MVIC performed to fatigue, Contessa et al. (2016)
reported a “clear and consistent” increase in MFRs across
the MU pool when examining the firing behavior of indi-
vidual MU firing trains as a function of their MUAP
amplitudes. In the current investigation, we utilized a lar-
ger sample (n =18 vs. n =5 in Contessa et al. (2016))
and examined MU behavior during submaximal fatiguing
contractions at both high- (i.e., 70% MVIC) and low-tor-
que (i.e., 30% MVIC) levels. Similar to Contessa et al.
(2016), we observed increases in MU MFRs from the first
to middle, late, and last repetitions in both exercise con-
ditions (Fig. 4A). However, as can be seen in Figure 4
and Table 2, the patterns of change for the slopes and y-
intercepts for the MFR versus MUAPpp relationships were
different in HT versus LT exercise. Specifically, a uniform
increase in MFR was observed across the MU pool during
HT exercise, whereas during LT exercise there was no
change in MFR for the smallest MUs and an increase in
MFR for the largest MUs. Moreover, whereas Contessa
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et al. (2016) examined changes in MU behavior up to
and including a “late” repetition, we also examined MU
behavior during the final (e.g., last) successfully per-
formed repetition preceding task failure. During the last
repetition, there was a slight decrease in slope of the MFR
versus MUAPypp relationship relative to the middle and
late repetitions in the LT condition (Fig. 4A). This may
have been caused by recruitment of larger MUs. Finally,
the firing rates for all detected MUs were higher through-
out HT versus LT exercise, which was indicated by greater
y-intercepts during HT exercise, but no difference in
slopes (Fig. 4).

In conjunction with the changes in MFR, the slope of
the RT versus MUAPypp relationship decreased from the
first to late repetitions, before exhibiting an increase from
the late to last repetition during LT exercise (Fig. 5A;
Table 3). This alteration in slope for the RT versus
MUAPpp relationship was accompanied by an increase in
y-intercept from the first to early repetition, a plateau
from the early to late repetition, and a subsequent
decrease from the late to last repetition during LT exer-
cise (Fig. 5B). These data suggest, therefore, that over the
course of LT exercise to fatigue, the RT of the smallest,
most active MUs slightly increased and the RT of the lar-
ger, newly recruited MUs decreased (Fig. 5D). This diver-
gent behavior of smaller, lower threshold versus larger,
higher threshold MUs during submaximal fatiguing mus-
cle actions has been reported in earlier investigations
(Enoka et al. 1989; Carpentier et al. 2001; Farina et al.
2009). For example, Farina et al. (2009) reported that the
MUs recruited at the beginning of repeated submaximal
isometric contractions (i.e., the most active MUs) dis-
played an increase in RT, whereas MUs that were
recruited later in the task and were less active exhibited a
decrease in RT. Interestingly, however, there were no sig-
nificant changes in the slopes and y-intercepts of the RT
versus MUAPpp relationship during HT exercise in the
present investigation (Fig. 5A and B). Therefore, as noted
by Farina et al. (2009), the relative duration of activity
likely results in different adjustments of the MU pool
during intermittent, isometric contractions. It is unlikely
that this divergent behavior is a result of individual-
changes via central drive to the MU pool, but rather due
to motor neuron adaptation, afferent feedback from
fatiguing muscle, disfacilatation of the MU pool, or some
combination thereof.

In humans, an increase in net excitatory synaptic input
to the MU pool results in the progressive and orderly
recruitment of larger, higher threshold MUs (Henneman
1957; De Luca and Erim 1994; Hu et al. 2013a). It is
thought that, during fatiguing submaximal contractions,
the central nervous system increases excitatory drive to
the MU pool in order to maintain force production
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despite decreases in MU twitch forces (Contessa et al.
2016). Indeed, the results of this study suggest that there
was an increase in excitation to the MU pool, as evi-
denced by the orderly recruitment of larger, higher
threshold MUs during both HT and LT exercise to failure
(Fig. 8). It has been suggested that full recruitment of the
MU pool will occur independent of the force or load
used, provided exercise is sustained to volitional fatigue
because excitatory input to the MU pool will increase
indefinitely to meet the force demand (Mitchell et al.
2012; Potvin and Fuglevand 2017b). Building on this pre-
mise, Potvin and Fuglevand (2017a) recently developed a
model which predicted that the entire MU pool would be
recruited during fatiguing contractions at 20% MVIC.
While this model is valid in theory, our results suggest
that larger, higher threshold MUs were consistently
recruited during the HT contractions (Fig. 6), which was
further evidenced by the greater observed maxMUAPpp,
predicted original RT of maxMUAPpp, and maxMUAPpp
relative to each subject’s maximal predicted MUAP
amplitude (%Maxprgp) during HT versus LT exercise
(Fig. 7).

A careful inspection of previous studies which have
examined muscle activation during HT versus LT isomet-
ric exercise lends support for our findings (Lind and
Petrofsky 1979; Petrofsky et al. 1982; Fuglevand et al.
1993). For example, Fuglevand et al. (1993) examined
EMG amplitude and maximal compound action potential
(M-wave) amplitude during fatiguing submaximal con-
tractions at 20%, 35%, and 65% MVIC. The authors
(Fuglevand et al. 1993) reported increases in EMG ampli-
tude and decreases in M-wave amplitude throughout each
condition that were opposite in magnitude of the sus-
tained torque-level, although EMG amplitude did not
reach maximal values in any condition. These data sug-
gest that it is more likely that maximal muscle activation
is obtained if the target force or torque is high than low
(Fuglevand et al. 1993). Consequently, Fuglevand et al.
(1993) suggested that the “limitation in neural excitation
of muscle during fatiguing contractions may be partially
due to impaired neuromuscular propagation in addition
to factors that reduce the net output of the motor neuron
pool” (pg. 563). Thus, it is likely that MU pool output is
limited to a greater degree during LT than HT exercise
and may explain why larger MUs were recruited in the
HT condition in this study.

While larger, higher threshold MUs were recruited, on
average, during HT exercise, several subjects recruited
MUs during LT exercise that were similar in size and/or
original RT when compared to those detected during HT
exercise (Fig. 7). Thus, the capacity to recruit the full MU
pool during LT exercise to failure may be subject-depen-
dent. The ability to supply sufficient excitation to the MU
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Figure 7. The maximal detected (largest) motor unit action potential amplitude (maxMUAPep; V) during HT versus LT exercise, the predicted
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predicted amplitude of the maximal (largest) MU (% Maxprep) during HT versus LT exercise. The orange diamonds and shaded regions represent
the mean £ SD values, respectively, whereas the individual lines connect the data points of individual subjects.

pool in order to maintain whole muscle force production
during fatiguing, submaximal contractions is probably
dependent on competing processes, several of which likely
include: (1) increased excitatory drive to the MU pool
(Contessa et al. 2016), (2) intrinsic changes in motor
neuron excitability (Kernell and Monster 1982), (3) neu-
romuscular propagation failure (Fuglevand et al. 1993),
(4) reflex disfacilitation from a decline in group Ia excita-
tory input from muscle spindle afferents (Macefield et al.
1991), and (5) reflex inhibition from group III and IV
muscle afferents (Bigland-Ritchie et al. 1986; Woods et al.
1987; Garland and McComas 1990; Duchateau and Hain-
aut 1993). It is probable that, due to the longer time to
task failure for the LT versus HT exercise in this study,
each of the factors which may limit MU pool output,
such as neuromuscular propagation failure, reflex disfacil-
itation or inhibition, and decreased intrinsic excitability,
have a greater influence on LT than HT exercise to fail-
ure. For example, Fuglevand et al. (1993) suggested that
there was greater neuromuscular propagation failure dur-
ing exercise at 20% versus 65% MVIC to volitional fati-
gue. Macefield et al. (1991) reported that, as muscle
fatigues, Ia excitatory input to the MU pool decreases
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and results in a decline in MFR that is most apparent for
MUs with the highest firing rates (i.e., low-threshold
MUs). This attenuation of reflex support to the MU pool
is a slowly developing process (Bongiovanni et al. 1990)
and may therefore be more dramatic in LT conditions
characterized by longer times to task failure. It has also
been suggested that during exercise, the central nervous
system (CNS) constrains the output of spinal motor neu-
rons, and ultimately muscle activation, to inhibit the
development of peripheral fatigue (Amann et al. 2006).
Group III and IV muscle afferents, which are sensitive to
mechanical and metabolic stimuli associated with muscle
contractions (Mense 1977; Kniffki et al. 1978; Rotto and
Kaufman 1988; Light et al. 2008) have been reported as a
neural link between the CNS-mediated decrease in motor
neuronal output and the degree of peripheral fatigue
(Amann et al. 2011; Sidhu et al. 2014). Consequently, a
growing body of evidence supports the concept that the
end of exhaustive exercise may coincide with an individ-
ual- and task-dependent degree of locomotor muscle fati-
gue (Amann et al. 2006; Romer et al. 2007; Amann and
Dempsey 2008; Gagnon et al. 2009; Burnley et al. 2012;
Rossman et al. 2014; Hureau et al. 2016) related to the
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Figure 8. (A-B) The average, normalized motor unit action potential amplitude (MUAPyp) during the first, early, middle, late, and last
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threshold bin for that repetition. The relationship between average MUAPg and repetition was fit with linear regression lines (orange lines).

intramuscular metabolic environment (Hogan et al. 1999;
Burnley et al. 2010; Vanhatalo et al. 2010; Chidnok et al.
2013) which may have undergone more dramatic alter-
ations in the longer duration, LT condition. Thus, any of
these mechanisms, or a combination thereof, may explain
why, compared to HT exercise, the recruitment of addi-
tional, larger, higher threshold MUs seemed to be con-
strained during LT exercise (despite some subjects
appearing capable of recruiting all available MUs (i.e.,
greater buffering capacity, lower sensitivity, etc.)), and
may also explain the slight reversal in the MU behavioral
adaptation seen from the beginning (i.e., first through late
repetition) to the last repetition of LT exercise (Figs. 4A
and B, 5A and B, 6B and C).

In summary, we report that HT and LT isometric con-
tractions performed to failure resulted in the same
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amount of work completed, but a longer time to task fail-
ure and a more dramatic decrease in the muscle’s force
capacity was observed during LT exercise. A uniform
increase in MFR was observed across the MU pool during
HT exercise, whereas during LT exercise the change in
MFR was most dramatic for the largest MUs. Further-
more, MFR was higher for all MUs across all repetitions
throughout HT than LT exercise. We also observed no
significant changes in RT during the HT condition, but
over the course of repeated LT exercise to failure, the RT
of the smallest MUs increased and the RT for the moder-
ate to large MUs decreased. Both HT and LT isometric
contractions performed to failure resulted in the recruit-
ment of additional higher threshold MUs in order to
maintain torque production. However, throughout exer-
cise, the HT condition required the recruitment of larger
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MUs than did LT exercise. Therefore, although low-tor-
que contractions performed to failure cause recruitment
of higher threshold MUs, our results suggest that they do
not necessitate the recruitment of the largest available
MUs as do high-torque contractions. In a few cases, how-
ever, MUs were recruited by individuals during LT exer-
cise that were similar in size and original RT to those
detected during HT exercise. Thus, the ability to achieve
full MU recruitment during LT exercise may be depen-
dent on the subject, but further work is needed to con-
firm these preliminary findings. Consequently, our data
further emphasize the task- and subject-dependency of
muscle fatigue.
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