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1 |  INTRODUCTION

In some sport activities (eg, hiking sailing), muscles are 
continuously contracted at low intensities, which can subse-
quently induce neuromuscular fatigue. The latter is defined 
as an exercise-induced reduction in maximal voluntary con-
traction (MVC) force or the inability to produce a certain ex-
pected force or power.1 Despite fatigue, the target force can 

still be maintained,2-4 and fatigue should not be confounded 
with the moment of task failure (TF). The development of 
fatigue during a prolonged fatiguing task can be tracked 
by regularly performing brief maximal MVCs during exer-
cise. When peripheral electrical nerve stimulation5 or tran-
scranial magnetic stimulation (TMS)6 is used during these 
MVCs to evoke superimposed twitches (SIT) and calculate 
the maximal voluntary activation (VA) level, it is possible to 
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Fatigue-related mechanisms induced by low-intensity prolonged contraction in lower 
limb muscles are currently unknown. This study investigated central fatigue kinetics 
in the knee extensors during a low-intensity sustained isometric contraction. Eleven 
subjects sustained a 10% maximal voluntary contraction (MVC) until task failure 
(TF) with neuromuscular evaluation every 3 minutes. Testing encompassed transcra-
nial magnetic stimulation to evaluate maximal voluntary activation (VATMS), motor 
evoked potential (MEP), and silent period (SP), and peripheral nerve stimulation to 
assess M-wave. Rating of perceived exertion (RPE) was also recorded. MVC pro-
gressively decreased up to 50% of the time to TF (ie, 50%TTF) and then plateaued, 
reaching ~50% at TF (P < .001). VATMS progressively decreased up to 90%TTF and 
then plateaued, the decrease reaching ~20% at TF (P <  .001). SP was lengthened 
early (ie, from 20%TTF) during the exercise and then plateaued (P < .01). No changes 
were reported for MEP evoked during MVC (P = .87), while MEP evoked during 
submaximal contractions decreased early (ie, from 20%TTF) during the exercise and 
then plateaued (P <  .01). RPE increased linearly during the exercise to be almost 
maximal at TF. M-waves were not altered (P = .88). These findings confirm that TF 
is due to the subjects reaching their maximal perceived effort rather than any particu-
lar central event or neuromuscular limitations since MVC at TF was far from 10% 
of its original value. It is suggested that strategies minimizing RPE (eg, motivational 
self-talk) should be employed to enhance endurance performance.
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investigate the occurrence of central fatigue, which refers to 
the processes within motoneurons and/or the other compo-
nents of the central nervous system that may influence force 
reduction.7

While many studies have examined central fatigue during 
maximal or submaximal contractions,8 studies that investi-
gated low-intensity contractions are scarce. This is import-
ant because fatigue is known to be task-dependent.8 While 
muscles are frequently contracted at low levels for prolonged 
periods (as it is the case in some sport activities, eg, hiking 
sailing), neural drive3 as well as peripheral consequences 
( influenced by the level of ischemia) associated with this 
type of effort may differ from the fatigue induced by stronger 
contractions.

To the authors' knowledge, only two studies have investi-
gated central fatigue kinetics during low-intensity sustained 
isometric contraction.3,4 A gradual increase in TMS-induced 
SIT has been reported during a 43-minute elbow flexion at 
15% MVC.4 The same group also reported a gradual decline 
in VA assessed through TMS (ie, VATMS) during a 70-min 
elbow flexion at 5% MVC.3 The results of the last two-cited 
studies led to the hypothesis that suboptimal output from the 
motor cortex could explain, at least in part, the progressive 
decline in maximal force-generating capacities during a pro-
longed submaximal effort in upper limbs. Yet, no similar 
findings exist for locomotor muscles, although our group re-
cently showed that fatigue etiology may differ between upper 
and lower limb muscles.9 Moreover, it is important to study 
sustained low-intensity contraction until TF, because setting 
a given contraction duration, as previously performed,3,4 may 
have prevented the capture of the changes that occurred close 
to TF.10

Therefore, the main purpose of the current study was 
to provide a comprehensive description of central fatigue 

appearance in knee extensors during a very low-intensity sus-
tained contraction performed to TF. We hypothesized that re-
duced neural drive would partly explain the gradual decrease 
in MVC throughout the sustained submaximal contraction.

2 |  MATERIALS AND METHODS

2.1 | Subjects

Eleven recreationally active healthy men (age: 24 ± 5 years; 
height: 181 ± 6 cm; weight: 71 ± 8 kg) volunteered for this 
study. The sample size was calculated using G∗Power (ver-
sion 3.1.9.2; Kiel University), based on an expected moder-
ate effect size (f2 = 0.25) for MVC PRE-POST differences, 
with an α level of 0.05, power (1 − β) of 0.8 and correlation 
among repeated measures of 0.85. Written informed consent 
was obtained from all subjects before their participation. This 
study conformed to standards from the latest revision of the 
Declaration of Helsinki and was approved by the University 
of Saint Etienne ethics committee. All subjects were free 
of lower limb injury during the previous three months, had 
no contraindications to TMS (as assessed through a safety 
checklist for the use of TMS11 prior to the beginning of any 
testing) and had no acute or chronic neurological disorders 
and trauma. Subjects were instructed to avoid the consump-
tion of caffeine on the day of the experiment and avoid per-
forming any strenuous exercise for 48 hours before testing.

2.2 | Experimental design

During a separate visit, subjects were familiarized with the 
correct development of knee extension maximal isometric 

F I G U R E  1  Experimental design of the study. Each subject performed a single session with neuromuscular evaluation (NME) performed 
before (PRE) and at task failure (TF) of the fatiguing protocol that consisted in a sustained submaximal voluntary contraction at 10% MVC 
until TF. NME (without the stimulations on the relaxed muscles) was also performed every 3 min during the time to exhaustion. Transcranial 
magnetic stimulations are represented by white arrows. Peripheral nerve stimulations are represented by single (single stimulation), double (double 
stimulations at 100 Hz), and double-dotted black arrows (double stimulations at 10 Hz)
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force as well as magnetic and electrical stimulations. Then, 
subjects were tested during a single experimental session 
(Figure 1). The experimental sessions consisted of a sus-
tained isometric contraction at 10% MVC (based on the 
PRE MVC, see below) force until TF, that is, when the sub-
ject was unable to maintain the submaximal voluntary con-
traction target for 3 consecutive seconds. Neuromuscular 
evaluation (NME) was performed before (PRE), every 
3  minutes during the submaximal sustained contraction, 
and immediately at TF (see experimental procedures sec-
tion for further details).

2.3 | Force and 
electromyographic recordings

Subjects were seated upright in a custom-built chair with 
knees and hips at 90° of flexion. A non-compliant strap con-
nected to a force transducer was attached 3-5 cm above the 
subject's lateral malleolus. Subjects were instructed to push 
against the strain gauge (ie, knee extension) with their domi-
nant (right) leg, determined as the preferred leg used to kick a 
ball. Force data were acquired using a PowerLab data acquisi-
tion system (16/30-ML880/P, ADInstruments) at a sampling 
rate of 2 kHz. Movements of the upper body were minimized 
using two belts across the thorax. During all measurements, 
subjects were provided with real-time feedback of their force 
trace on a screen, and guidelines were plotted when subjects 
had to maintain a targeted percent of MVC. Strong verbal en-
couragements were given during MVCs as well as during the 
sustained fatiguing contraction. EMG signals were recorded 
from rectus femoris (RF), vastus lateralis (VL), and vastus 
medialis (VM) muscles with pairs of self-adhesive surface 
electrodes (Meditrace 100; Covidien) in a bipolar configu-
ration with a 30-mm interelectrode distance. According to 
SENIAM recommendations, RF electrodes were placed at 
50% on the line from the anterior spina iliaca superior to the 
superior part of the patella; VL electrodes at 2/3 on the line 
from the anterior spina iliaca superior to the lateral side of 
the patella; VM electrodes at 90% on the line between the 
anterior spina iliaca superior and the joint space in front of 
the anterior border of the medial ligament. Electrodes were 
also placed on the antagonist biceps femoris (BF) at 50% on 
the line between the ischial tuberosity and the lateral epi-
condyle of the tibia. The ground electrode was positioned 
on the patella. Low impedance (<5 kΩ) between electrodes 
was obtained by shaving and gently abrading the skin and 
then cleaning it with isopropyl alcohol. Signals were ampli-
fied with an octal bio-amplifier (ML138, ADInstruments), 
band-pass-filtered (5-500  Hz), and analogue-to-digitally 
converted at a sampling rate of 2 kHz by PowerLab System 
(16/30, ADInstruments). All data were analyzed offline using 
LabChart 7 software (ADInstruments).

2.4 | Peripheral nerve stimulation

Single rectangular electrical pulses with 0.2-ms duration and 
400 V maximal output voltage were delivered via constant-
current stimulator (DS7AH, Digitimer) to the right femoral 
nerve via a 30-mm diameter surface cathode (Meditrace 100) 
taped to the skin into the femoral triangle and a 50 × 90 mm 
anode (Dura-Stick Plus; DJO Global Vista) in the gluteal 
fold. To determine the optimal intensity of stimulation, single 
stimuli were delivered incrementally by steps of 10 mA until 
resting M-wave and twitch amplitudes plateaued. The opti-
mal intensity was then increased by 20% to ensure supramax-
imality. The mean intensity for peripheral nerve stimulation 
(PNS) was 370 ± 120 mA.

2.5 | Transcranial magnetic stimulation

The left motor cortex was stimulated by a magnetic stimu-
lator (Magstim 2002, The Magstim Company Ltd) with a 
110-mm double-cone coil (maximum output of 1.4 T). The 
coil was positioned to induce a postero-anterior current and 
manually controlled by the same investigator throughout 
all the testing sessions. A cervical collar was worn dur-
ing all TMS measures to stabilize the head and neck, and 
a swim cap was worn to ensure consistent coil placement 
relative to the optimal position. To determine this site, six 
marks were drawn on the cap: the vertex, 1 and 2 cm pos-
terior to the vertex, and 1 cm to the left of these 3 marks 
along the midline. Optimal coil position was determined 
as the site eliciting the largest SIT as well as VL, VM, and 
RF MEP amplitudes, with a small MEP amplitude in the 
antagonist BF in response to stimulation at a known su-
prathreshold stimulator output (50% of maximal stimulator 
output) during a 10% MVC knee extension. When optimal 
agonist MEP and peak force were not recorded at the same 
coil position, the optimal coil position was chosen accord-
ing to MEP amplitude, because the evoked peak force may 
be influenced by activation of other muscles.12 This posi-
tion was marked on the swim cap and was the same for RF, 
VL, and VM muscles.

The optimal stimulus intensity was determined from 
SIT and MEP stimulus-response curves obtained during 
brief (2-3  seconds) voluntary contractions at 20% MVC. 
In brief, intensities of 40%, 50%, 60%, 70%, and 80% of 
maximal stimulator output were tested in random order. 
At each intensity, four contractions were performed at 
10-s intervals. A rest period of 10 seconds separated each 
intensity. The optimal stimulation intensity was consid-
ered as the one that elicited maximal MEP on VL, VM, 
and RF with minimal MEP on the antagonist BF. Since 
no M-waves were recorded on the BF, a low BF MEP was 
arbitrary fixed at an amplitude <10% of VL MEP.13 The 
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mean TMS intensity (62 ± 6% stimulator output) allowed 
to record MEP >50% M-wave, as recently recommended 
for VATMS calculation.12

2.6 | Experimental procedures

The experimental procedures are illustrated in Figure 1. First, 
the optimal configuration (ie, position and intensity) was 
determined for PNS. After a standardized warm-up consist-
ing of 3 brief (~3  seconds) knee extensor isometric volun-
tary contractions at 20%, 40%, 60%, and 80% of the MVC 
recorded during the former and separated familiarization 
session, subjects performed 2 brief (~3 seconds) MVCs in-
terspersed by 1 minute. Optimal coil position and intensity 
for TMS were then established. VATMS was then calculated 
based on a continuous method where subjects were asked 
to perform a single voluntary contraction including an ini-
tial ~3 seconds MVC followed by a voluntary reduction in 
force output to match 75% MVC and then 50% MVC with 
no rest period in-between (Figure 2A).14 This was done using 
a specific macro on the LabChart software that automati-
cally calculated 75% and 50% of the preceding MVC once 
the TMS stimulation was delivered. Single TMS pulses were 
delivered during each level of contraction and a single PNS 
pulse was delivered during the 50% MVC contraction. To 

permit accurate determination of the SP, subjects were in-
structed to momentarily (<1 second) re-contract as quickly 
as possible immediately after delivery of the single TMS 
pulse. This procedure was performed twice during PRE and 
once during measurements at the other time points. For PRE 
and TF measurements, single and double electrical (ie, 100 
and 10 Hz) nerve stimulations were delivered on the relaxed 
muscle after the MVC (Figure  2A). Immediately after the 
beginning of the task and twenty seconds before each NME 
during the sustained submaximal contraction (Figure 1), sub-
jects were asked to verbally report their rating of perceived 
exertion (RPE, not pain), that is, how hard they perceived 
the exercise, using a 100-mm visual analogue scale, with 
“no effort” on one end (0 mm) and “exhaustion” on the other 
(100 mm). NME during and at TF was performed as an ex-
tension of the prolonged submaximal voluntary contraction, 
that is, subjects were not permitted to relax and went straight 
into the MVC at the moment of TF (Figure 1).

2.7 | Data analysis

Because the exercise duration and thus the number of completed 
NMEs were different between subjects, interpolation was used 
to present the data. First, each actual NME was considered 
to refer to a given percentage of the total exercise duration, 

F I G U R E  2  A, Typical force trace and EMG recordings for the vastus lateralis muscle before the fatiguing task. The bottom part of the panel 
A shows EMG background and the MEP and SP evoked during maximal (MVC) and submaximal voluntary contractions at 75% and 50% MVC 
and followed by the M-wave evoked at 50% MVC. Open arrows represent TMS, and filled arrows represent PNS. The gray box represents the 
silent period duration, that is, the time interval between TMS stimulus and the return of continuous voluntary EMG. B, Raw traces of the TMS 
superimposed twitches (SIT) evoked during MVC and submaximal contractions at 75% and 50% MVC. C, Amplitude of SIT produced by TMS 
during maximal (white square) and submaximal contractions at 75% (white circle) and 50% MVC (white triangle). The linear regression was 
extrapolated, and the y-intercept (dashed line) was interpreted as the ERT amplitude. Data are from a representative subject
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assuming the last evaluation (ie, TF) corresponds to 100% of 
the time to task failure (TTF). For instance, a subject maintain-
ing the task for 33 minute performed 11 NMEs throughout the 
exercise, the first NME then corresponding to 9.1% of the total 
duration, the 5th and the 6th NMEs, respectively, correspond-
ing to 45.5% and 54.5%TTF and the last NME corresponding 
to 100%TTF (ie, TF; exhaustion). Data were then linearly inter-
polated between actual NMEs to obtain values corresponding 
precisely, for each subject, to 10% (10%TTF), 20 (20%TTF), etc 
until TF.

Areas of the evoked MEP and M-waves were measured 
offline. Evoked EMG data (M-waves, MEP, and SP) are pre-
sented as the average values of all responses collected for 
each time points. A representative trace of the three types of 
evoked potentials obtained during maximal and submaximal 
voluntary contractions is displayed in Figure 2A.

2.7.1 | Peripheral nerve stimulation

M-wave areas (Msup) were measured from electrical nerve 
stimulations in VL, RF, and VM muscles during voluntary 
contractions at 50% MVC during each NME. The ampli-
tudes of the potentiated peak twitch (Pt), as well as low- and 
high-frequency doublets (Db10 and Db100, respectively) 
were determined only for PRE and TF measurements. Low-
frequency fatigue was then assessed from the change in the 
ratio Db10 to Db100 (Db10:100).

2.7.2 | Force and voluntary EMG

Maximal force was considered as the peak value recorded 
before the first TMS stimulus. At PRE, the highest MVC 
over the two trials was chosen for further analysis. Maximal 
root-mean-square EMG (RMSMAX) was calculated for VL, 
RF, and VM muscles over a 500-ms period during MVC be-
fore TMS delivery. RMS EMG was also measured during 
the 10% MVC sustained voluntary contraction over 500 ms 
before brief MVCs (ie, RMS10%MVC). RMS recorded on each 
muscle was then normalized to the peak-to-peak amplitude of 
the maximal M-wave.

2.7.3 | Transcranial magnetic stimulation

Motor evoked potential motor evoked potential areas were 
recorded during maximal (MEPMVC) and submaximal volun-
tary contractions at 75 (MEP75) and 50% MVC (MEP50) for 
VL, RF, and VM, and normalized to Msup areas.

Transcranial magnetic stimulation to evaluate maximal 
voluntary activation (VATMS) was measured by the mod-
ified twitch interpolation technique.14 Estimated resting 

twitch (ERT) was determined by linear regression of the 
 relation between superimposed twitch (SIT) amplitude 
evoked when TMS was delivered at MVC, 75% and 50% 
MVC (Figure  2B), and voluntary force. This relation was 
extrapolated, and the y-intercept was interpreted as the ERT 
amplitude (Figure 2C). At PRE, the highest VATMS from the 
two trials performed was retained. VATMS was calculated as 
follows:

where SITMVC is the superimposed twitch evoked during con-
traction at 100% MVC. VATMS was considered appropriate 
when (a) TMS delivered over the motor cortex at 100% MVC 
produced a large MEP in the agonist muscles with a small 
MEP in the antagonist muscle, that is, <10% of VL, VM, and 
RF MEP,13 and (b) the regression of voluntary force and the 
SIT force evoked during the contractions was linear (r2 > .9). 
Based on these two criteria, one subject was excluded for 
VATMS analysis because of r2 < .9.

Silent period durations were recorded during maximal 
(SPMVC) and submaximal voluntary contractions at 75 (SP75) 
and 50% MVC (SP50) for VL, RF, and VM. SP was deter-
mined visually and defined as the duration from the TMS 
stimulus to the return of continuous voluntary EMG, that is, 
when clear EMG bursts could be identified (Figure 2A).

2.8 | Statistical analysis

Statistical analyses were performed with Statistica soft-
ware (StatSoft Inc). All variables were normally distrib-
uted (Kolmogorov-Smirnov normality test). Shapiro-Wilk 
and Mauchly tests were used to ensure the assumptions 
of normality and sphericity, respectively, for all depend-
ent variables. Greenhouse-Geisser correction factor was 
applied when the assumption of sphericity was violated. 
For ANOVAs, homogeneity of variance was verified by 
Levene's test. A one-way analysis of variance (ANOVA) 
for repeated measures was performed for MVC, VATMS, 
and RPE to test for time effects during the prolonged sub-
maximal voluntary contraction (ie, PRE, 10%TTF, 20%TTF, 
30%TTF, 40%TTF, 50%TTF, 60%TTF, 70%TTF, 80%TTF, 90%TTF, 
TF). Two-way repeated-measures ANOVA were performed 
for RMS10%MVC, RMSMAX, Msup, MEP, and SP [muscle 
(VL, RF, VM) × time]. Changes in peripheral function were 
not investigated during the fatiguing task (with the excep-
tion of Msup) so paired t tests were used to test the effect 
of time (PRE, TF) for Pt, Db10, Db100, and Db10/Db100 
ratio (Db10:100). If significant main or interaction effects 
were detected, Bonferroni-corrected post-hoc tests were per-
formed. Pearson's correlations were used to determine re-
lationships between MVC drop and VATMS changes during 

VA
TMS

=
(

1−SIT
MVC

∕ERT
)

×100
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exercise. Partial eta square (pη2) was reported as an estimate 
of effect size, with pη2 ≥ 0.07 and pη2 ≥ 0.14 used as moder-
ate and large effects, respectively.15 Statistical significance 
was set at P  <  .05. All data are presented in the text and 
figures as mean ± standard deviation (SD).

3 |  RESULTS

The mean duration of the sustained voluntary contraction 
was 33 ± 23 minutes (range: 13-91 minutes). An increase 
in RMS10%MVC was observed during the sustained low-in-
tensity contraction for VL, VM, and RF, as reported by a 
significant time effect (P <  .001; pη2 = 0.66; Figure 3D). 
RMS10%MVC recorded during the sustained low-intensity 
contraction was significantly increased from 30%TTF and on-
ward when compared to the first 10% of the task (P = .001-
0.0001). The increase in RMS10%MVC plateaued at 60%TTF 
(ie, the plateau was determined when the time point, in this 

specific case 60%TTF, was not statistically different with the 
value recorded at TF).

3.1 | MVC and central fatigue

A significant time effect was found for MVC (P  <  .001; 
pη2  =  0.82; Figure  3A). At TF, MVC was decreased by 
49.2 ± 17.1% when compared to PRE. While MVC recorded 
at 10%TTF was not different compared to baseline (P = .97), the 
decrease was found to be significant from 20%TTF (P < .001). 
While MVC “visually” decreased up to 80%TTF, values recorded 
from 50%TTF were not statistically different from TF (P = .49-1).

The force decrease was accompanied by a decrease in VATMS 
as indicated by a significant time effect (P < .001; pη2 = 0.60; 
Figure 3B). At TF, VATMS was decreased by 20.8 ± 18.1%. 
The decrease in VATMS was significant from 40%TTF (P = .04) 
when compared to baseline. While VATMS seems to “visually” 
decrease until 90%TTF before plateauing, there was no statistical 

F I G U R E  3  Changes in knee extensors maximal voluntary contraction (MVC) isometric force (A), voluntary activation (VATMS; B), and 
maximal root-mean-square EMG (RMSMAX; C) during (10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 90% of the time to task failure) and 
immediately at task failure (TF, performed as an extension of the prolonged submaximal voluntary contraction). Panel D displays the root-mean-
square EMG recorded 500 ms before the brief MVCs during the sustained submaximal voluntary contraction. Data are presented as mean ± SD. 
Significantly different from PRE: *P < .05. Significantly different from TF: #P < .05
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difference between VATMS values from 40%TTF and TF (eg, 
P =  .07 between 40%TTF and TF). Yet, VATMS was lower at 
90%TTF than 40%TTF (P = .02). The relationship between MVC 
drop and VATMS changes across exercise showed a strong and 
significant linear regression (r = .97; P < .001).

While there was no significant muscle × time interaction 
for normalized RMSMAX (P  =  .55; pη2  =  0.09), a signifi-
cant time effect was reported (P < .001; pη2 = 0.49). At TF, 
the mean decrease in RMSMAX was 35.3  ±  25.9% (pooled 
data for the three muscles). When compared to baseline and 
regardless of the investigated muscle, post-hoc analysis re-
vealed a significant decrease in normalized RMSMAX from 
40%TTF (P = .03-0.0001; Figure 3C).

3.2 | Corticospinal 
excitability and inhibition

There was no significant muscle × time interaction for any 
TMS-induced EMG parameters. A significant time effect 
was reported for MEP areas recorded during 75% (P < .0021; 
pη2 = 0.34) and 50% (P < .001; pη2 = 0.50) but not 100% 
(P  =  .87; pη2  =  0.06) MVC. When compared to baseline 
and regardless of the investigated muscle, post-hoc analysis 
revealed a significant decrease in MEP75 and MEP50 from 
20%TTF (P = .001-0.0001; Figure 4A).

A significant time effect was also reported for SP recorded 
during MVC (P < .001; pη2 = 0.62), 75% MVC (P < .001; 
pη2 = 0.59), and 50% MVC (P < .001; pη2 = 0.58). When 
compared to baseline and regardless the investigated muscle, 
post-hoc analysis revealed a significant increase in SP dura-
tion from 20%TTF for MVC, 75% MVC, and 50% MVC TTF 
(P = .04-0.0001; Figure 4B).

3.2.1 | Rating of perceived exertion

A significant time effect was reported for RPE (P  <  .001; 
pη2 = 0.92) with an increase throughout the sustained exer-
cise. When compared to the value recorded immediately after 
the beginning of the task, RPE increased almost linearly from 
10%TTF (all P < .001; Figure 5).

3.2.2 | Peripheral function

At TF, Pt, Db100, and Db10:100 were reduced by 34 ± 10% 
(P < .001; pη2 = 0.82), 19 ± 7% (P < .001; pη2 = 0.72), and 
35 ± 8% (P <  .001; pη2 = 0.90), respectively, when com-
pared to PRE (Figure 6A). Msup was not altered during the fa-
tiguing exercise and at TF as reported by the non-significant 
time effect (P = .16; pη2 = 0.13) or muscle × time interaction 
(P = .88; pη2 = 0.06; Figure 6B).

4 |  DISCUSSION

The present study investigated for the first time the time 
course of fatigue appearance during sustained low-intensity 
knee extensors contraction performed until TF. Our results 
showed a progressive decline in MVC up to 50%TTF, together 
with an increase in central fatigue as evidenced by the decline 
in VATMS up to 90%TTF. Changes in corticospinal excitability 
(ie, MEP area) and inhibition (ie, SP duration) do not seem 
to have a major influence on central fatigue as they plateaued 
early during exercise. Performance limitation is thought to be 
due to the subjects’ perceived effort that was nearly maximal 
at TF.

4.1 | Gradual decrease in maximal force-
generating capacity

A large variability was reported in the time to TF (TTF) in 
the present study (ie, mean duration of 33  ±  23  minutes; 
range: 13-91 minutes). This variability cannot be explained 
by differences in the level of physical activity since only sub-
jects with regular physical activity ranging between 2 and 
6  hours were included. Differences in genetics, in training 
experience, and in the nature of the activities performed by 
the subjects (eg, resistance training vs endurance training) 
may explain the variability in TTF. Another explanation for 
this variability in TTF could be intersubjects' differences in 
critical torque, that is, the maximal sustainable work rate at 
which energy supply can be provided and sustained from oxi-
dative metabolism.16 Such differences in critical torque (thus 
in TTF) could rely on several mechanisms, for example, fiber 
type composition, muscle capillarity.16 The fact that subjects 
performed brief MVC every 3 minutes during the sustained 
low-intensity contraction could have influenced the develop-
ment of fatigue. While this has been discussed by others that 
used similar protocols,3,4 our experimental design does not 
allow to draw any conclusion on this point. To shed light on 
this issue, future studies should compare fatiguing tasks with 
and without frequent MVCs performed during low-intensity 
contractions. Fatigue produced by the sustained submaximal 
knee extension was revealed by a ~50% decline in MVC at 
TF. Several studies have investigated fatigue immediately (ie, 
without any resting period between TF and the last measure-
ments) after a sustained submaximal contraction of the knee 
extensors performed up to TF.17-20 They reported a decreased 
MVC of ~30%,18 ~35%,17,20 and ~50%19 after sustained iso-
metric contractions between 10% and 50% MVC. The greater 
fatigue level in the present study may be explained by the 
longer task duration in our study, that is, mean duration of 
33 minutes vs 2-14 minutes in the aforementioned studies. 
It has been demonstrated for the first dorsal interosseous 
that the lower the contraction intensity, the longer the task 
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duration and the greater the amount of fatigue.2 While al-
ready reported during long-duration cycling21 or running22 
exercises, the plateau observed in MVC decline (ie, MVC 
progressively decreased up to 50%TTF with no more signifi-
cant decline thereafter) is an original and interesting result 
when a sustained submaximal modality of exercise is used. 
The mechanisms behind such a plateau are not clear and war-
rant further investigations.

4.2 | Changes in voluntary activation, 
corticospinal excitability, and inhibition

To further explain the decrease observed during brief MVCs, 
the present study investigated for the first time the time 
course of central fatigue appearance on knee extensors using 
TMS during a sustained isometric very low-intensity con-
traction. VATMS decreased from 40%TTF to reach a decrease 

F I G U R E  4  Changes in motor evoked potential (MEP; A) and silent period (SP; B) during (10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 
90% of the time to task failure) and immediately at task failure (TF, performed as an extension of the prolonged submaximal voluntary contraction). 
MEP and SP were recorded during maximal (MEPMVC and SPMVC, respectively) and submaximal voluntary contractions at 75 (MEP75 and SP75) 
and 50%MVC (MEP50 and SP50). Data are presented as mean ± SD. Significantly different from PRE: *P < .05. Significantly different from TF: 
#P < .05
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of ~21% at TF (ie, 96% vs 76% at PRE and POST, respec-
tively). Similar results were reported in elbow flexors, with 
decrease of ~15%3 and ~22%4 observed at the end of sus-
tained prolonged isometric contractions performed at 5% and 
15% MVC, respectively. However, while these two studies 
performed on the elbow flexors are the only ones that investi-
gated VATMS during prolonged and sustained isometric con-
traction, one should note that exercise duration was fixed (ie, 
70 minutes3 and 43 minutes4) while exercise was performed 
until failure in our study, limiting the comparison between 
results. Statistically, the decrease in VATMS plateaued (ie, ab-
sence of significant differences with TF) at 40%TTF. Yet, one 
should note that the decrease in VATMS was significant be-
tween 40%TTF (86 ± 8%) and 90%TTF (75 ± 11%), suggesting 
that the plateau occurred far after 40%TTF. Interestingly, this 
plateau does not seem to occur in a similar-designed study 
involving the elbow flexors.3 As reported after a 2-minute 
sustained MVC,9 additional work could be useful to inves-
tigate whether central modulations differ between upper and 
lower limb muscles when a sustained low-intensity contrac-
tion is used.

As previously demonstrated for knee extensors,9,10 the 
relationship between force and VATMS remained linear with 
fatigue in our study. Thus, it was possible to estimate the con-
tribution of central fatigue to the total force loss. For each 
subject, the linear force-VATMS relationship was determined 
immediately after TF3,9,10 as well as at each time points of the 
TTF. Using the regression equation, the force corresponding 
to VATMS recorded at PRE was determined and compared with 
the real MVC recorded at every time points between 10%TTF 
and TF included. Any additional force loss was interpreted 
to be due to central fatigue. As previously reported in some 

upper-3 and lower limb10 muscle exercise, the contribution 
of central fatigue to the total force loss gradually increased 
throughout the sustained exercise, accounting for approxi-
mately 18%, 22%, 28%, 33%, and 38% of the total force loss 
at 20%TTF, 40%TTF, 60%TTF, 80%TTF, and TF, respectively.

The sustained 10% MVC induced a lengthening in SP 
early during exercise, that is, from 20%TTF for SP recorded 
during both maximal and submaximal contractions. SP dura-
tion increases has widely been reported after sustained maxi-
mal9,14,23 and submaximal24 voluntary contractions of various 
muscular groups. Because the initial part of SP reflects both 
an inhibition of descending drive and reduced excitability of 
the motoneurons, while the latter part reflects intracortical 
inhibition-related processes, we believe that the increased SP 
duration reported in this study reflects increased intracorti-
cal inhibition. While subjects were instructed to contract as 
quickly as possible after the TMS, one should note that the 
aim was to reach a lower force level (ie, after the MVC, sub-
jects were asked to re-contract at 75% MVC, and after the 
75% MVC, subjects were asked to re-contract at 50% MVC; 
Figure 2). This could have influenced the results, likely caus-
ing longer SP duration. Further studies should investigate at 
which degree these experimental considerations could bias 
the SP-related results.

Moreover, while no changes were reported in MEPMVC 
during or at TF, agreeing with results obtained on elbow 
flexors during similar fatiguing exercises,3,4 we reported de-
creased MEP during the task when evoked during submaximal 
voluntary contractions at 75% and 50% MVC. Interestingly, 
this decreased corticospinal excitability was observed as soon 
as 20%TTF and then plateaued until TF. Such results, how-
ever, do not agree with previous studies on elbow flexors that 
reported increased corticospinal excitability when recorded 
during the low-intensity fatiguing contraction level (ie, 5%3 
and 15%4 MVC).3,4 The decrease in MEP recorded during 
contractions at 75% and 50% MVC may rely on the fact 
that RMS EMG was decreased during the exercise at these 
submaximal levels of contractions (data not shown). While 
RMSMAX was also decreased during the exercise, the fact that 
less motoneurons are in the refractory period during MVC 
could be a speculative explanation for why MEP recorded 
during MVC remained unchanged during the exercise and at 
TF. By combining TMS with corticospinal tract stimulation 
at the thoracic level, recent studies demonstrated that moto-
neuron excitability was quickly diminished (before plateau-
ing) during sustained isometric knee extension performed at 
2525 and 50%26 of the RMS EMG associated with 25% and 
50% MVC, respectively. Although not directly investigated in 
this study, the spinal contribution to the overall fatigue can-
not be ruled out. The influence of spinal mechanisms on fa-
tigue could relate on complex mechanisms occurring at both 
pre- and post-synaptic levels. Similar experimental designs 
along with the use of specific neurostimulation techniques27 

F I G U R E  5  Ratings of perceived exertion (RPE) recorded 
immediately after the beginning of the prolonged submaximal 
voluntary contraction (Start), during (10%, 20%, 30%, 40%, 50%, 
60%, 70%, 80%, and 90% of the time to task failure), and immediately 
at task failure (TF, performed as an extension of the prolonged 
submaximal voluntary contraction). Data are presented as mean ± SD. 
Significantly different from Start: *P < .05. Significantly different 
from TF: #P < .05
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could allow to gain knowledge on the mechanisms of im-
paired spinal motoneuron excitability induced by this form 
of low-intensity prolonged exercises. Further studies should 
also investigate the origin of such force-dependent cortico-
spinal excitability modulation with fatigue.

The repetitive activity within the motor pathway during 
the fatiguing exercise could be responsible for SP- and MEP-
related changes,28 leading to a decrease in the excitability of 
the corticospinal pathway (except during MVC when consid-
ering MEP-related data) that plateaued as early as at 20%TTF, 
suggesting that this cannot explain the VATMS decrease up to 
90%TTF. The action of III and IV muscle afferents at the su-
praspinal level is known to greatly contribute to the decrease 
in VATMS.4,23,28 This is especially true in lower limb compared 
with upper limb muscles.9 The possible activation of such 
afferents in response to the increased metabolites concentra-
tion due to fatigue likely reduced VATMS without impacting 
MEP and SP after 20%TTF. Firing of fatigue-sensitive muscle 
afferents likely exerted its effects upstream of the motor cor-
tex explaining why VATMS was impaired up to 90%TTF, while 
MEP and SP were not. Such an hypothesis relies on results 
supporting that VA was still altered when a muscle was held 
ischemic after a fatiguing exercise (thus maintaining firing 
of group III and IV afferents), while changes in MEP and SP 

induced by the fatiguing exercise recovered.23 Yet, explain-
ing the present decrease in VATMS by the influence of group 
III and IV afferents remains speculative in the context of the 
present study.

4.3 | The role of peripheral fatigue in MVC 
force loss

As shown above, central fatigue was found to contribute 
to almost 40% of force loss at TF, meaning that peripheral 
mechanisms contributed even more to the decline in force, 
what agrees with previous findings.19 However, since the 
present study was designed to better understand the central 
component of fatigue, peripheral fatigue was not assessed 
during the sustained and prolonged exercise for methodo-
logical reasons, that is, Pt was not assessed during the task 
to avoid short resting periods that may have impacted central 
mechanisms.14 The presence of peripheral fatigue was evi-
denced by the decrease in Pt (−34%) and Db100 (−19%) at 
TF. Db10:100 also decreased at TF (−35%), suggesting the 
presence of low-frequency fatigue generally associated with 
an excitation-contraction coupling failure.29 The increase in 
the EMG required to maintain the submaximal target force 

F I G U R E  6  Panel A displays the 
electrically evoked force-related results 
with the amplitude of the potentiated peak 
twitch (Pt), potentiated peak doublet evoked 
at 100 Hz (Db100), and ratio between 
amplitude of the potentiated peak doublet 
evoked at 10 and 100 Hz (DB10:100). 
Pt, Db100, and Db10:100 were recorded 
before (PRE) the fatiguing contraction 
and immediately at task failure (TF). 
Panel B displays the results for M-waves 
recorded during 50%MVC (Msup) on vastus 
lateralis (VL), rectus femoris (RF), and 
vastus medialis (VM) muscles. Msup were 
recorded before (PRE), during (10%, 20%, 
30%, 40%, 50%, 60%, 70%, 80%, and 90% 
of the time to task failure), and immediately 
at task failure (TF, performed as an 
extension of the prolonged submaximal 
voluntary contraction). Data are presented 
as mean ± SD. Significantly different from 
PRE: *P < .05
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overtime before TF suggests that increased temporal and/or 
spatial recruitment of motor units was necessary to maintain 
the target force when muscle fibers became fatigued.3,4 The 
absence of changes in Msup areas, as already reported after a 
similar fatiguing protocol,19 suggests that phenomenon prior 
to the mechanisms that characterized excitation-contraction 
coupling are likely to be preserved during such a fatiguing 
exercise (at least when assessed at 50% MVC as it was the 
case here).

4.4 | Origin of task failure

As reported in the previous sections, we observed that maxi-
mal force and central drive were both decreased throughout 
the first 50% and 90% of the prolonged submaximal fatigu-
ing task, respectively, before plateauing. This suggests that 
the level of fatigue was not critical (ie, subjects were able to 
sustain the contraction despite a plateau in central fatigue) 
when reaching TF. Rather, the moment of TF may rely on 
the fact that subjects perceived exertion near exhaustion. 
While it would have been difficult to expect a 90% decline 
in MVC in this study, even if it was asked to the subject to 
maintain a sustained 10% MVC until TF, one could have 
expected to record a larger decline in MVC than the one 
reported in the present study, that is, ~50%. Our results are 
in line with a previous study reporting a 50% decrease in 
MVC at the end of a protocol that consisted of a sustained 
20% MVC knee extension until TF.19 The first explana-
tion could have been a substantial and rapid recovery of 
the neuromuscular system that could have allowed the ca-
pacity of the neuromuscular system to produce force to in-
crease from ~52 N (ie, which corresponds to the 10% MVC 
averaged for all subjects) to ~260  N (ie, the mean MVC 
recorded at TF for all subjects). This explanation must be 
disregarded in this study since subjects were not permitted 
to relax and performed the MVC immediately upon reach-
ing task failure. Second, one could consider a psychologi-
cal explanation for this result. Indeed, there exists an effect 
of expected test duration on effort mobilization. In other 
words, subjects knew that the last MVC performed at TF 
would last only ~3 seconds, and such awareness likely mo-
tivated them to produce higher effort at TF compared to 
the sustained effort which had a longer and unknown du-
ration.30 As reported for dynamic exercises (eg, Marcora 
et al30), our results go against the long-standing assumption 
that neuromuscular fatigue causes exercise failure during 
low-intensity prolonged exercise (although still being a 
large component). Then, while neuromuscular fatigue does 
not seem to limit exercise tolerance in this study, our re-
sults are in favor of the psychobiological model of exercise 
tolerance. The perception of effort, that was near to maxi-
mal at TF (9.8 ± 0.4 out of 10), was likely the “exercise 

terminator.” At some point, the central nervous system 
likely regulated skeletal muscle motor unit recruitment to 
maintain the required force level,31 and increased motor 
unit recruitment and/or rate coding that should have been 
necessary to prolong the task was likely prevented by the 
fact that RPE was nearly at its maximal level.32 Then, the 
fact that subjects decided to prematurely stop the exercise 
due to high RPE could have prevented the recruitment of 
high-threshold motoneurons, explaining why MVC at TF 
was far from the target force level, that is, non-fatigued 
high-threshold motor units that were not recruited during 
the exercise allowed the subject to reach a high MVC. It 
is worth noting that even in the context of fatigue, higher-
threshold motoneurons are further unlikely to be recruited 
during a low-intensity sustained contraction as performed 
in the present study. Our results strengthen the role of the 
brain in determining the end of the exercise,33 including 
motivation-related mechanisms that could involve altera-
tions in neurotransmitter function for instance.34 Although 
not investigated in this study, the high RPE values could 
indicate the presence of mental fatigue, both variables 
being related and having an important influence on muscle 
endurance performance.35 Indeed, it has been stated that 
prolonged and sustained exercise could include a cogni-
tive demand such as a sustained attention to maintain the 
target force level in the context of low-intensity sustained 
contraction with force feedback.36 This cognitive demand 
could have led to mental fatigue that increased RPE and 
decreased performance. While the influence of III and IV 
afferents on RPE has been largely suggested, other mecha-
nisms than the sole information from these afferents may 
have influenced the intensity of perceived exertion such 
as corollary discharge associated with central motor com-
mand.37 Yet, RMS10%MVC plateaued during the submaximal 
sustained contraction, which does not support an increased 
central drive up to TF, contrary to one of the aforemen-
tioned argument. It is, however, conceivable that moto-
neuron excitability decreased during the task so reducing 
efficacy of descending drive to excite motoneurons, and 
greater descending drive would then be required to main-
tain motoneuron output.25 Nonetheless, the plateau in 
RMS10%MVC (Figure  3D) highlights the fact that the end 
of the exercise occurred way before a complete motor unit 
recruitment and/or a maximal motoneuron firing rates, in-
fluenced by mechanisms located within the central nervous 
system.19 For instance, RMS10%MVC remained considerably 
lower than RMSMAX (Figure  3C) throughout the fatigue 
task and this was still the case at TF. Although mechanisms 
related to amplitude cancelation might be involved,38 these 
observations corroborate the aforementioned hypothesis of 
a prevention of additional motor unit recruitment and/or 
increased discharge rate, likely because the subjects were 
reaching maximal RPE.
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In conclusion, the current work is the first investigating 
the role of central indices in locomotor muscles performance 
during a very low-intensity contraction sustained to TF. The 
present results show that task failure is not associated with 
a critical amount of central fatigue. We postulate that TF 
occurred in this study as a form of task disengagement and 
that exercise tolerance was ultimately limited by perception 
of effort (as reported in this study by the fact that subjects 
perceived exertion of near exhaustion).

5 |  PERSPECTIVES

We demonstrated that TF likely occurs when the required 
submaximal effort exceeds the limit of what subjects are 
willing to do, that is, potential motivation.35 The present 
results, that could also be true for long-duration whole-
body exercises such as cycling21 or running,22 strengthen 
the role that psychophysiological interventions may have 
in endurance performance. For instance, the use of men-
tal strategies (eg, motivational self-talk) may specifically 
target favorable changes in perception of exertion then en-
hancing endurance performance. We could first question 
if the increase in TTF duration reported during dynamic 
exercise when self-talk strategies are used39 is also appli-
cable to a sustained and submaximal modality of isometric 
exercise.
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