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Abstract

Recent literature suggests that when prolonged, motor imagery (MI) induces mental fatigue and
negatively impacts subsequent physical exercise. The aim of this study was to confirm this
possibility with neurophysiological and self-reported measures. Thirteen participants performed
200 imagined isometric knee extension contractions (Prolonged MI condition) or watched a
documentary (Control condition), and then performed 150 actual isometric knee extensions.
Electroencephalography was continuously recorded to obtain motor-related cortical potential
amplitude at Cz electrode (MRCP, index of motor area activity) for each imagined and actual
contractions. Electromyography of the vastus lateralis muscle as well as the perceived effort
required to perform prolonged MI, watch the documentary, and perform the actual contractions
were measured. During prolonged MI, mental fatigue level, the effort required to imagine the
contractions and MRCP amplitude increased over time. The increase in the effort required to
imagine the contractions was significantly correlated with the MRCP amplitude. During the
physical exercise, a significant condition x time interaction revealed a greater increase over time
in perceived effort in the prolonged MI condition compared to the control condition, as well as a
specific alteration in EMG RMS of the vastus lateralis muscle. These alterations observed in the
presence of mental fatigue during actual contractions, combined with those observed during
prolonged MI, suggest that prolonged MI may impair the motor command required to perform
imagined or actual contractions. While the observed effect of mental fatigue on MRCP amplitude
was clear during M1, future studies should tailor the physical exercise to minimize the exercise-
induced decrease in force production capacity and control for its confounding effects on MRCP

amplitude in the presence of mental fatigue.

Keywords: Electroencephalography (EEG), Mental fatigue, Cognitive fatigue, Perception of
effort, Perceived exertion, Motor related cortical potential (MRCP)

Acronyms: FEEG = Electroencephalography; EMG = Electromyography; MI = Motor
Imagery; MRCP = Motor Related Cortical Potential; MVC = Maximal Voluntary Contraction;
NASA-TLX = National Aeronautics and Space Administration Task Load Index; RFD = Rate of
Force Development; RMS = Root Mean Square; RPE = Rating of Perceived Effort; VAS = Visual

Analogue Scale



1. INTRODUCTION

Mental fatigue is defined as a psychobiological state caused by prolonged periods of
demanding cognitive activity and characterized by subjective feelings of “tiredness” and “lack of
energy”’ (Boksem and Tops, 2008). Since the pioneer study of Marcora et al. (2009) demonstrating
an impairment in cycling endurance performance following prolonged engagement in a demanding
cognitive task, numerous studies confirmed the negative impact of mental fatigue on physical
performances (for reviews see: Pageaux and Lepers, 2018; Brown et al., 2020). Mental fatigue
impairs sport-related decision making (Head et al., 2017; e.g., Smith et al., 2016b), technical skills
(Le Mansec et al., 2018; e.g., Smith et al., 2016a), motor control (e.g., Duncan et al., 2015; Rozand
et al., 2015) and endurance (MacMahon et al., 2014; e.g., Pageaux et al., 2013) performances.
Decrease in physical performances is generally associated with alteration in cardiorespiratory or
metabolic responses and/or an inability of the brain to maximally recruit the working muscles
(Taylor et al., 2016). However, mental fatigue does not induce such alterations (Marcora et al.,
2009; Pageaux et al., 2013). The only variable consistently associated with the decrease in physical
performance was a greater perception of effort in the presence of mental fatigue (Brown et al.,

2020; Le Mansec et al., 2018; Pageaux and Lepers, 2018, 2016).

Mental fatigue is traditionally induced by prolonged engagement in cognitive tasks involving
the response inhibition process, such as the AX-CPT (Marcora et al., 2009; Pageaux et al., 2013;
Smith et al., 2015) or the Stroop task (Rozand et al., 2015; Smith et al., 2016a). Interestingly, recent
studies using motor imagery demonstrated that such cognitive exertion may also induce mental
fatigue (Graham et al., 2014; Rozand et al., 2016, 2014). Motor imagery is defined as the internal
simulation of movement without corresponding motor output (Decety, 1996a). Briefly, two main
categories of motor imagery exist: visual motor imagery and kinesthetic motor imagery. Visual
motor imagery consists of imagining seeing yourself performing the task and activates
predominantly the occipital network (Chholak et al., 2019; Guillot et al., 2009). Kinesthetic motor
imagery consists of imagining the sensations produced by the actual task and activates to a lesser
extent similar brain areas than those activated during actual movements such as the premotor
cortex, the parietal cortex and the cerebellum (e.g., Batula et al., 2017; Decety, 1996b; Ruffino et
al., 2017; Solodkin et al., 2004; Stinear et al., 2006).



In a meta-analysis, Schuster et al. (2011) reported that ~17 minutes of motor imagery is
optimal to observe positive effects on physical performance (e.g., Yue and Cole, 1992; Grosprétre
et al., 2018; Ranganathan et al., 2004), thus reinforcing the potential for its use in rehabilitation
programs (e.g., Jackson et al., 2001; Lebon et al., 2012; Cho et al., 2013; Kumar, 2016). However,
the positive effects of motor imagery seem to disappear when motor imagery is performed longer
than the optimal duration proposed by Schuster et al. (2011). Indeed, Rozand et al. (2016) recently
demonstrated that 100 imagined contractions (i.e., ~30 min) induced mental fatigue and increased
movement duration during a pointing task. The involvement of the sustained attention and the
inhibitory processes during a motor imagery task (Bart et al., 2020; O’Shea and Moran, 2017), as
in cognitive tasks classically used to induce mental fatigue (e.g., AX-CPT, Stroop), could be one
of the underlying mechanisms explaining the occurrence of mental fatigue. As mental fatigue could
counteract the positive effects of motor imagery on subsequent performance, and therefore impair
rehabilitation programs, it is important to investigate the occurrence of mental fatigue induced by

prolonged motor imagery.

While the underlying mechanisms causing the decrease in physical performance in the
presence of mental fatigue remain unclear, analysis of brain oscillations via
electroencephalography (EEG) has been an efficient tool to identify mental fatigue-induced
cerebral alterations during the completion of cognitive tasks (for review: Craig et al., 2012; Tran
et al., 2020). Analyses of brain oscillations reveal a consistent increase in the theta power (e.g.,
Barwick et al., 2012) and alpha power (e.g., Shou and Ding, 2013) in the presence of mental fatigue.
These changes were not only reported after cognitive tasks requiring predominantly the response
inhibition process but also after cognitive tasks requiring concentration and attention (Lal and
Craig, 2002; van der Linden et al., 2003). As these studies did not use prolonged motor imagery to
induce mental fatigue, it remains unknown whether these alterations are transferable to mental

fatigue induced by prolonged motor imagery.

When measuring cerebral activity with EEG, it is possible to monitor for each contraction
(actual or imagined) a specific event-related potential called motor-related cortical potential
(MRCP; e.g., Jankelowitz and Colebatch, 2002; do Nascimento et al., 2006). This potential was
discovered during hand movements by Bates (1951) and recorded from the scalp overlying motor
and premotor areas. MRCP amplitude is directly linked to the intensity of muscle contraction and
has been extensively used in the literature as an index of the motor command (de Morree et al.,
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2014, 2012; Siemionow et al., 2000). In the presence of decreased maximal force production
capacity, also known as muscle fatigue (Gandevia, 2001), previous studies observed an increased
MRCP while the level of muscle force during each contraction remained constant (de Morree et
al., 2014, 2012). As previous studies observed 1) alterations in electromyographic signal of the
working muscles during submaximal physical exercise following engagement in demanding
cognitive tasks (Bray et al., 2008; Graham et al., 2014; Pageaux et al., 2015), and ii) longer duration
of actual and imagined movement in the presence of mental fatigue (Rozand et al., 2015), it is
plausible that mental fatigue may impact the regulation of the motor command and consequently
alter MRCPs. This hypothesis is also supported by recent studies demonstrating an association
between changes in MRCPs and perception of effort (de Morree et al., 2014, 2012). While an
ongoing debate is still existing in the literature on the sensory signal generating perception of effort
(peripheral vs central origin; e.g., Amann and Light, 2014; Broxterman et al., 2018; Marcora, 2009;
Pageaux, 2016; Smirmaul, 2014; Steele and Fisher, 2018), this perception has been classically used
as a marker of the motor command for decades (Kjer et al., 1999; McCloskey et al., 1974; Mitchell
et al., 1989), and its consistent increase in the presence of mental fatigue (Brown et al., 2020;
Pageaux and Lepers, 2018, 2016) reinforces the possible interaction between mental fatigue and

the motor command.

In this context, the primary aim of the present study was to induce mental fatigue using
prolonged motor imagery. EEG was recorded during four blocks of fifty imagined contractions,
and subjective feelings of fatigue, as well as the effort required to imagine the contractions were
reported. We hypothesized that prolonged motor imagery will successfully induce mental fatigue
evidenced by an increase in feelings of fatigue as well as in the effort required to imagine the
contractions, and an increase in both alpha and theta power. Due to the known negative impact of
mental fatigue on subsequent physical performance (for review see: Pageaux and Lepers, 2018;
Brown et al., 2020), the secondary aim of our study was to identify, during a subsequent physical
exercise, neurophysiological alterations caused by mental fatigue. Finally, as 1) mental fatigue is
known to increase the perception of effort during physical exercises (Pageaux and Lepers, 2018),
and 1i), previous studies demonstrated an association between changes in perceived effort and
changes in MRCP (de Morree et al., 2014, 2012) we expect that prolonged motor imagery will

increase the amplitude of MRCPs during both imagined and actual contractions.



2. EXPERIMENTAL PROCEDURES

2.1. PARTICIPANTS

Thirteen physically active right-handed adults (7 males and 6 females) volunteered in this
study (mean + SD; age: 25 £ 4 years, height: 182 £ 5 cm, weight: 77 + 11 kg). This sample size
was determined based on a previous study using a similar physical exercise with the knee extensors
and investigating the relation between MRCP and physical fatigue in the presence and absence of
caffeine (de Morree et al., 2014). All participants were involved in physical activity and declared
to practice a physical activity at least one time per week. None of the participants had any known
mental or somatic disorders or any injuries of the right leg during the last six months. All
participants were given written instructions describing all procedures related to the study but were
naive of its aims and hypotheses. The participants have never been informed prior to the experiment
that motor imagery (MI) was used to generate mental fatigue. They were instructed that the aim of
the study was to investigate the possible positive effects of motor imagery on a subsequent physical
exercise. Each participant provided written informed consent. At the end of the last visit,
participants were fully debriefed and asked not to discuss the real aims of the study with other
participants. The study conformed to the standards set by the World Medical Association
Declaration of Helsinki “Ethical Principles for Medical Research Involving Human Subjects”
(2008). The experimental design of the study was approved by the regional ethics committee (CPP
EST: approval no. A00064-49).

2.2. PROCEDURE

Participants visited the laboratory on three different occasions. Each participant completed
all three visits over three weeks with a minimum of six days of recovery period between visits. All
visits started between 8:30 a.m. and 10:00 a.m. All participants were given instructions to sleep for
at least seven hours, refrain from the consumption of alcohol, and not to practice vigorous physical
activity the day before each visit. Participants were also instructed not to consume caffeine and
nicotine for at least three hours before testing and were asked to declare if they had taken any
medication or had any acute illness, injury, or infection. At the beginning of each session, the
participants attested that they had complied with all instructions. For all the sessions, participants

sat on the same isometric ergometer chair (Multi-form, la Roque d’ Anthéron, France).



During the first visit, participants were familiarized with the laboratory and all the
procedures. For all different questionnaires, oral and written instructions were provided during this
familiarization (and recalled at the beginning of each visit). About the physical exercise, after a
warm-up, participants performed 150 submaximal isometric knee extensions at 50% of their
maximal voluntary contraction (MVC). If the physical exercise was too difficult during the
familiarization session (i.e., excessive head movements and sweating) the target force was fixed at
45% of their MVC. On the contrary, if the physical exercise was too easy (i.e., low perceived effort
at the end of the exercise and no muscular fatigue), the target force was fixed at 55% of their MV C.
At the end of the familiarization, participants performed maximal imagined isometric contractions
of the right knee extensors to get used to MI. After the familiarization, all participants reported that
they successfully imagined the 50 contractions, felt associated sensations and reported a score of
at least 5 on the Likert scale used to record the MI vividness (see section 2.4.4 Motor imagery

vividness).

The second and third visits were randomized and counterbalanced. An overview of each visit
is presented in Fig. 1. Each visit consisted of performing either prolonged MI or a control task (i.e.,
watching a documentary) for approximately 50 min, followed by a physical exercise (150 isometric
knee extensions). In each visit, participants reported their level of mental fatigue and performed
MVC with their right knee extensors to assess force production capacity before and after (Post 1,
before the subsequent physical exercise) the prolonged MI or documentary watching, as well as
after the physical exercise (Post 2). Motivation to perform prolonged MI or watch the documentary,
and perform the subsequent physical exercise was measured before completion of each task.
Participants reported their perceived workload of the prolonged MI session, documentary watching
and physical exercise after completion of each task. Electromyographical (EMG) and
electroencephalographic (EEG) signals were continuously recorded during all tasks; and the
participants reported their perceived effort to perform MI, watch the documentary or perform the

physical exercise.
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Figure 1. Overview of the experimental protocol.

Order and timing were the same for each participant and each session. VAS = fatigue visual analogue scale,

RPE = rating of perceived effort, MI = motor imagery, MVC = maximal voluntary contraction, NASA-TLX =

2.3.

2.3.1. PROLONGED MOTOR IMAGERY

EXPERIMENTAL TASKS

National Aeronautics and Space Administration Task Load Index.

Prolonged MI consisted of four blocks of 12.5 min of kinesthetic MI for a total of

approximately 50 min. During imagined maximal isometric knee extensions, participants were

instructed to perform kinesthetic MI and to perceive muscle contractions and joint tension with the

same sensations they experienced during the completion of the previous MVC. Each participant

was instructed to not contract her/his quadricep muscles during MI. An experimenter was seated

behind the participant to check the EMG signal of the vastus lateralis muscle in order to control

that the participant did not contract her/his muscle during imagined contractions. Participants

performed MI, with their eyes closed, seated on the same isometric ergometer chair than the one

used for the MVCs and intermittent isometric extensions of the knee extensors.

Participants performed four blocks of 50 imagined contractions of 5 s, with a 10-s rest period

between each imagined contraction and 1-min rest period between blocks (total duration of one




block = 12.5 min, total duration of prolonged MI = 53 min). Three instructions were given during
prolonged MI. Two seconds before starting the imagined contraction participants heard “Get
ready”, then “Push” to start the imagined contraction, and “Relax” to stop the imagined contraction.
The Experiment Builder software was used to time the instructions for each imagined contraction
(SR Research). At the end of each block, perceived effort to accomplish prolonged MI and MI

vividness were assessed.

2.3.2. CONTROL CONDITION

The control condition consisted of watching an emotionally neutral documentary, “Home”
by Y. Arthus-Bertrand, which was used as control condition in previous studies on mental fatigue
(Le Mansec et al., 2018; Rozand et al., 2015). In these previous studies, it has been shown that this
documentary did not induce any increase in subjective feeling of mental fatigue. Participants were
sitting in a dark room on the same isometric ergometer chair than the one used for the intermittent
MVCs of the knee extensors. The movie was projected on a screen placed 2 m in front of the
participant. It was divided into four blocks of 12.5 min with 1 min of rest between each block to

match with prolonged MI and to assess the perceived effort to watch the documentary.

2.3.3. PHYSICAL EXERCISE
Following prolonged MI or watching the documentary, participants performed the physical
exercise, which consisted in performing 150 submaximal isometric contractions of the right knee

extensor muscles.

Beeps were presented as follows, a first beep to start the contractions and a second beep to
stop the contractions. The contractions lasted 2.5 s with 5.5 s rest in between. Contractions were
performed by blocks of 15 contractions interspaced by 25 s during which perception of effort was

assessed.

[sometric contractions were performed at 50% of MVC (& 5%). Visual feedback of the target

strength was presented on a screen placed 2 m in front of the participant.

The Experiment Builder software was used to time the submaximal isometric contractions of

the knee extensor muscles.

2.4. PSYCHOLOGICAL MEASURES



2.4.1. MOTIVATION

Motivation is defined as “the attribute that moves us to do or not to do something” (Gredler,
2001). Motivation has been proposed to influence performance (Richter et al., 2016) and interact
with fatigue (Miiller and Apps, 2019). Motivation to watch the documentary (control task), perform
both motor imagery and physical exercise was measured with the motivation scale developed by
Matthews et al., (2001). This questionnaire has seven questions on intrinsic motivation (e.g., “I
wish to do my best”) and seven questions on extrinsic motivation (e.g., “I performed this exercise
only because of an outside reward”). For each question, there are five possible answers (0 = not at
all, 1 = a little bit, 2 = somewhat, 3 = very much, 4 = extremely). The score of each motivation

ranges between 0 and 28.

2.4.2. SUBJECTIVE WORKLOAD

The National Aeronautics and Space Administration Task Load Index (NASA-TLX) was
used to evaluate subjective workload (Hart and Staveland, 1988). The NASA-TLX is composed of
six subscales: mental demand (how much mental and perceptual activity was required?), physical
demand (how much physical activity was required?), temporal demand (how much time pressure
did you feel due to the rate or pace at which the task occurred?), performance (how much successful
do you think you were in accomplishing the goals of the task set by the experimenter?), effort (how
hard did you have to work to accomplish your level of performance?), and frustration (how much
irritating, annoying did you perceive the task?). The participants had to score each of the items on
a scale divided into 20 equal intervals anchored by a bipolar descriptor (e.g. high/low). This score

was multiplied by 5, resulting in a final score between 0 and 100 for each of the subscales.

2.4.3. MENTAL FATIGUE LEVEL
A visual analogue scale (VAS) was used to measure feelings of mental fatigue before and
after prolonged MI and documentary watching. The VAS consisted of a line measuring 100 mm in
length, with bipolar end anchors (0 mm = ‘“No tired at all”’; 100 mm = ‘‘Extremely tired”). The
following question was asked to access the level of mental fatigue : “What is your feeling of mental
fatigue right now?”. Participants were asked to place a mark along the line to indicate how they
currently felt. VAS score is defined by the distance between the first anchor (0 mm: “No tired at

all”’) and the mark placed by the participant.
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2.4.4. MOTOR IMAGERY VIVIDNESS
MI vividness is defined as the clarity of the kinesthetic sensations elicited by MI (Saimpont
et al., 2012). Participant had to evaluate their MI vividness on a Likert scale (1 = ‘“Not clear at
all”’, 1 =““Veryunclear’’, 3 = ““Unclear”, 4 = ‘“‘Moderately clear”, 5 = *“Quite clear’’, 6 = “‘Clear’’
7 =“Very clear”). This measure, performed each 50 imagined contractions, allows monitoring the

evolution of MI vividness.

2.4.5. PERCEPTION OF EFFORT

Perception of effort is defined as the conscious sensation of “how hard, heavy and strenuous
a physical task is” (Marcora, 2010, 2009; Pageaux, 2016). During each task, participants reported
the intensity of the effort invested. The intensity of perceived effort was reported with a modified
version of the CR100 scale (Borg and Kaijser, 2006). This scale ranges from 0 (Nothing at all) to
100 (Maximal) and includes verbal anchors such as Weak/Light (13), Moderate (25), Strong/Heavy
(50) or Very Strong (70). Modifications on the scale were made on the anchoring 0 and 100 to
include the word effort in the description as follow: 0 = No effort at all ;100 = Maximal effort.

During prolonged MI and documentary watching, participants were asked each 12.5 min to
answer the following question: “How hard and intense is it for you to imagine the contractions (or
watch the documentary)?”. During the physical task, participants were asked at the end of each

block to answer the following question: “How hard and intense is it for you to drive your leg?”.

The scale allows values above 100 to be specified if the participant perceives an effort higher
than the “Maximal exertion” (i.e., rating 100). Each participant was provided verbal examples of
“No exertion” (e.g., not doing any cognitive work or sitting on the couch relaxing) and “Maximal
exertion” (e.g., the most intense effort experienced in their life during prior cognitive activities or

the sensations perceived during an MVC).

2.5. PHYSIOLOGICAL MEASUREMENT

2.5.1. FORCE RECORDING
Right knee extension force was recorded using a homemade isometric ergometer that
comprised a machine typically used for strength training connected to two strain gauges (STC 250
kg; sensitivity: 2.9997 mV/V; Celtron Technologies Inc., Santa Clara, CA, USA) (Matkowski et

al., 2011). The signal force was recorded with a commercially available software (AcqKnowledge
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4.1 for MP Systems, Biopac Systems Inc., Goleta, CA, USA). Knee angle was fixed at 100° to

perform isometric knee extensions (0° = full knee extension).

Force data were analyzed offline using Matlab (The Mathworks, Natick, MA). The onset and
offset of the muscle contractions were determined automatically based on the positive and negative
peaks in the second differential of the force signal (5th-order Bessel low-pass filter). For each
contraction (i.e., from the onset to the offset of muscle force signal), a time window of 500 ms was
used to calculate the mean force. This 500 ms was defined as 250 ms around the middle of the
contraction. Rate of Force Development (RFD) was calculated for each submaximal contraction as
the average slope of the force-time curve (force/time) over the time interval 0-200 ms (Aagaard et
al., 2002). The onset of force production was defined as the time point where the force exceeded
the baseline by 2 SD. The baseline is calculated on a 1-second sliding window during the rest period
previous each contraction. The offset of force production was defined as the point time where the
force became lower than the baseline +2 SD Mean force and RFD during the submaximal trials
were averaged over the first (contractions 1 to 75) and the second half (contractions 76 to 150) of

the trials.

Force tremor, which represents the variability in force production during intermittent
contractions, was calculated as the force coefficient of variation (CV). For each contraction (i.e.,
from the onset to the offset of muscle force signal), a time window of 1.5 s was used to calculate

the force tremor. This 1.5 s was defined as 750 ms around the middle of the contraction.

2.5.2. EMG RECORDING

Electromyography (EMG) activity of the vastus lateralis was recorded with a pair of bipolar
silver chloride circular (recording diameter of 10 mm) surface electrodes (Swaromed, Nessler
Medizintechnik, ref 1066, Innsbruck, Austria) with an interelectrode (center-to-center) distance of
20 mm. The vastus lateralis muscle was chosen as representative of quadriceps muscle activity
(Place et al., 2007). Low resistance between the two electrodes was obtained by shaving the skin
and the skin was cleaned with alcohol. The electrodes were placed as close as possible to the patella
for the vastus lateralis. The position of the electrodes followed the direction of the muscle fibers,
according to the SENIAM recommendations (Hermens et al., 2000), and was aligned in the
longitudinal direction of the muscle fibers. The reference electrode was placed on the ipsilateral

patella. Myoelectrical signal was amplified with a bandwidth frequency ranging from 10 to 500 Hz
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(gain = 1000), digitized on-line at a sampling frequency of 2 kHz, and recorded with commercially

available software (AcqKnowledge 4.1 for MP Systems, Biopac Systems Inc., Goleta, CA, USA).

The Root Mean Square (RMS) of the vastus lateralis EMG signal was calculated for each
contraction from the onset to the offset of the EMG burst. The onset of muscle activity was
considered to occur when the amplitude of the RMS-processed EMG exceeded +3 SD above the
baseline EMG activity (mean activity calculated during a 400-ms time period immediately before
impact). Thus, the contraction duration was defined as the time elapsed between the onset and the
offset of EMG activation. The resulting values were averaged over the first half (contractions 1 to

75) and the second half (contractions 76 to 150) of the contractions.

2.5.3. EEGDATA

The electroencephalogram was recorded at 64-scalp sites using a 10-20 system (BioSemi
ActiveTwo). Horizontal eye movements were monitored with electrodes placed on the outer left
and right canthi. Vertical eye movements were monitored with an electrode placed under the left
eye. Two additional electrodes were placed on the left and right mastoids (Al, A2). During
recording, the BioSemi ActiveTwo system’s common-mode sense electrode served as the reference
electrode. Each electrode was filled with Signa gel for improving signal transduction.
Electrophysiological signals were digitized at a 2,048 Hz sampling rate and acquired with
ActiView software. From the instructions given for imagined contractions and from the two beeps
used for actual contractions, triggers were automatically reported on the EEG recording to signal
the beginning and the end of each actual and imagined contraction. A trigger was also reported on
the EEG recording when the participant had to prepare to imagine a movement. The EEG signals
were  analyzed using the EEGLAB  (version 14.1) toolbox for  Matlab
(https://scen.ucsd.edu/wiki/EEGLAB) (Delorme and Makeig, 2004).

Offline, data were re-referenced against the mean of electrodes A1 and A2 and downsampled
to 512 Hz. EEG data were filtered with a 0.01 to 5 Hz band-pass filter for MRCP analysis, while a
1 to 40 Hz band-pass filter was performed for spectral analyses. To correct for eye movement
artifacts, EEGLAB’s runica routine was used to perform independent component analyses. Noisy
electrodes were identified with the probability method in EEGLAB (Z = 5) and interpolated when
necessary with a spherical method. EEG signals were segmented into 150 epochs of 8,000 ms each

(from 2,500 ms before to 5,500 ms after beep tone) for actual contractions, and into 200 epochs of
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15,000 ms each (from 2,500 ms before to 12,500 ms after contraction onset) for imagined
contractions. All trials were baseline corrected with -2,500 ms to -2,000 ms. These epochs were
used for MRCP analyses. During MI, MRCP amplitudes were averaged for each block (Block 1:
imagined contractions 1 to 50, Block 2: imagined contractions 51 to 100, Block 3: imagined
contractions 101 to 150, Block 4: imagined contractions 151 to 200). During actual contractions,
MRCP amplitudes were averaged over the first half (contractions 1 to 75) and the second half
(contractions 76 to 150) of the physical exercise. During the physical exercise, the MRCPs obtained
during contractions producing a force above + 5% of the target force were excluded from the
analysis. A visual inspection was also performed on all epochs, including actuals and imagined

contractions, to remove contractions associated with movement artefacts (e.g., head movements).

EEG power was divided into five frequency bands: delta, 1-4 Hz; theta, 4-7 Hz; alpha, 812
Hz; beta 13-30 Hz; and gamma, 30—40 Hz. Spectral data were analyzed during the first 5 min and
the last 5 min of the prolonged MI and documentary watching. To observe changes in brain
activation all over the scalp, we used nine regions of interests (ROIs) as previously suggested by
Arendsen et al., (2020): Anterior Left (mean of FP1, AF3, AF7, F3, FS5, F7, FC3, FC5, FT7),
Anterior Median (mean of FPz, AFz, F1, Fz, F2, FC1, FCz, FC2), Anterior Right (mean of FP2,
AF4, AFS, F4, F6, F8, FC4, FC6, FT8), Central Left (mean of C3, C5, T7, CP3, CP5, TP7), Central
Median (mean of C1, Cz, C2, CP1, CPz, CP2), Central Right (mean of C4, C6, T8, CP4, CP6,
TPS), Posterior Left (mean of P9, P7, P5, P3, PO7, PO3, O1), Posterior Median (mean of P1, Pz,
P2, POz, Oz), and Posterior Right (mean of P4, P6, P§, PO4, POS, O2).

2.6. STATISTICS

All data are presented as means + SE.

Paired #-tests were used to assess the effect of condition (Prolonged MI, Control) on

motivation and NASA-TLX scores.

One-way repeated measures ANOVAs were used to test the effect of time (4 blocks of 12.5
min) on imagery vividness and MRCP amplitude during prolonged MI. Two-way repeated-
measures 2 X 4 ANOVAs were used to test the effects of condition (Prolonged MI, Control) and
time (4 blocks of 12.5 min) on perceived effort. Two-way repeated-measures 2 x 2 ANOVAs were
used to test the effects of condition (Prolonged MI, Control) and time (First 5 min, Last 5 min) on

delta, theta, alpha, beta, and gamma power during prolonged MI and documentary watching. To
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test the effects of prolonged MI on force production capacity, a two-way repeated-measures 2 x 2
ANOVA was used to test the effects of condition (Prolonged MI, Control) and time (Pre, Post 1)
on MVC.

Two-way repeated-measures 2 X 2 ANOV As were used to test the effects of condition (MI,
Control) and time (First part: contractions 1 to 75, Second part: contractions 76 to 150) on the
numbers of MRCPs analyzed, the MRCP amplitude, rating of perceived effort, force, RFD, tremor,
and contraction duration during physical exercise. To test the effect of the physical exercise on
force production capacity, a two-way repeated-measures 2 x 2 ANOVA was used to test the effects

of condition (Prolonged MI, Control) and time (Post 1, Post 2) on MVC.

Greenhouse-Geisser correction to the degrees of freedom was applied when violations of
sphericity were present (corrected degree of freedom and p-values are reported). For ANOVAs,
when significant, main effects and condition X time interaction were followed up with Bonferroni

tests as appropriate.

Partial eta squared are reported, and thresholds for small, moderate, and large effects were
set at 0.01, 0.07, and 0.14, respectively (Cohen, 1988). Analyses were conducted using JASP
(version 0.10.2.0 for Windows). For paired #-tests, Cohen’s dz were calculated using G*Power
software (version 3.1.6, Universitdt Diisseldorf, Germany) and thresholds for small, moderate and
large effects were set at 0.2, 0.5, and 0.8 respectively (Cohen, 1988). Correlations were performed
between perception of effort and MRCP amplitude for both the imagined and actual contractions,
with the R package ‘rmcorr’ assessing repeated measures correlation (Bakdash and Marusich,

2017; Bland and Altman, 1995). Level of significance was set at p < .05 (two-tailed).

3. RESULTS

Due to excessive head movements, one participant was excluded from the analyses related
to the physical exercise. Therefore, the sample size was N = 13 for analyses related to the prolonged
MI or the control condition (watching a documentary), and n = 12 for analyses related to the

physical exercise.

3.1. MENTAL FATIGUE ASSESSMENT
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3.1.1. EFFECTS OF PROLONGED MOTOR IMAGERY ON PSYCHOLOGICAL
MEASUREMENTS

Motivation to perform prolonged MI or watch the documentary did not differ for extrinsic
(ta2) = -0.267, p =.794, dz = .077; Prolonged MI: 15.9 £ 1.3, Control condition: 16.1 = 1.2) and
intrinsic (#12) = -1.945, p = .076, dz = .538; Prolonged MI: 17.6 + 1.0, Control condition: 19.0 +
0.9) motivation.

The effects of prolonged MI and the documentary watching on feelings of fatigue,
perception of effort, subjective workload and MI vividness are displayed in Figure 2. Feelings of
fatigue (Figure 2.A) increased over time (F{1, 12 = 18.306, p = .001, n; = .604), with no significant
main effect of condition (F1,12) = 1.563, p = .235, n; = .115) or condition x time interaction (F{i,
12)=3.464, p = .087, ny; = .224). Perception of effort (Figure 2.B), was greater in the Prolonged MI
condition compared to the Control condition (F/(1,12) = 10.518, p = .007, 5, = .467) and increased
over time (F(1311,15.732) = 16.637, p <.001, n; = .581). A condition X time interaction (F(1.443,17319)
=8.256, p = .006, n; = .408) revealed that the effort required to imagine the contractions increased
over time and was significantly higher at Block 3 (#12) = -5.448, p <.001, dz = -1.248) and Block
4 (taz) = -8.141, p < .001, d = -1.117) compared to Block 1. The effort reported to watch the
documentary did not change over time (all ps > .20, all dz < .95). The effort reported to imagine
contractions compared to watch the documentary was reported as significantly greater solely at
Block 4 (#12)=-8.141, p = .008, dz = -1.226).

Analyses on the reported subjective workload (Figure 2.C) revealed a greater mental
demand (#(12) = 5.556, p <.001, dz = 1.541), physical demand (#12) = 2.456, p = .030, dz = 0.681),
temporal demand (#12) = 2.379, p = .035, dz = .660) and performance (¢(12) = 4.573, p <.001, dz =
1.268) following completion of prolonged MI compared to the documentary watching. However,
the subscales frustration (¢12) = -.623, p = .545, dz = -.171) and effort (¢12) = 2.060, p = .062, dz =
.571) did not change significantly.

MI vividness (Figure 2.D) decreased over time (F(1.490, 17.877) =8.163, p = .024, nj = .301).
As shown with the comparison with Block 1 (vs. Block 2: #(12)=0.617, p = 1.000, dz = 0.171; vs.
Block 3: #(12) = 1.339, p = 1.000, dz = 0.385; vs. Block 4: ¢(12) = 2.449, p = 0.184, dz = 0.679), and
Block 2 vs. Block 4 (f12) = 3.395, p < .032, d = 0.942), the decrease in MI vividness occurred
towards the end of second half of the prolonged MI.
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Figure 2. Feelings of fatigue (panel A), rating of perceived effort to perform prolonged motor imagery (MI)
and to watch the documentary (Control condition) (panel B), subjective workload of the prolonged MI and control
task , and rating of MI vividness during prolonged MI evaluated with a Likert scale (panel D). $$: Significant main
effect of time (p <.01). * and, ***: Significant difference between two time points within the same condition (p <
.05 and, p <.001). #, ## and, ###: Significant difference between conditions at the same time of measurement (p <

.05, p<.01 and, p < .001). Data are presented as means = SE (N = 13).

3.1.2. EFFECTS OF PROLONGED MOTOR IMAGERY ON NEUROPHYSIOLOGICAL

MEASUREMENTS

> Force production capacity

The force production capacity of the knee extensors decreased over time (F(1, 12) = 11.050,

p =.006, n;, =.479) with no main effect of condition (F(1,12) <.001, p =.992, 7712j <.001) or condition

X time interaction (F(1, 12) = 1.141, p =.306, n;; = .086; Prolonged MI condition: 206.9 = 15.9 N to

195.6 + 14.3 N, Control condition: 204.2 + 16.6 N to 198.1 £ 16.9 N).
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> Brain oscillations analysis

All the results on brain oscillations are presented in the Supplementary data (Table S1).

Significant differences related to alpha power and theta power are presented below.

Theta (4-7 Hz). Theta power at the Parietal Left region decreased over time (F(1,11) = 6.250,
p =.030, 7712j =.362). For all ROIs, no significant interaction was observed (all ps > .25, all Thz) <
.119).

Alpha (8-12 Hz). A greater alpha power was observed in the Prolonged MI condition
compared to the Control condition at the Frontal Median (F1, 11y = 9.057, p = .012, nj = .452),

Central Median (F, 11)=7.876, p=.017, n;; = .417), and Central Right (1, 11) = 11.477, p = .006,
np = .511), Parietal Left (F, 11y = 11.423, p = .006, nj = .509), Parietal Median (F1, 1) = 15.867,
p = .002, n; =.591), and Parietal Right (F(1,11) = 13.700, p = .003, n;; = .555) regions. However,

for all ROIs, no significant interaction was reported (all ps > .30, all 7712j <.098).

> Motor and premotor area activity

99.8 £ 0.1% of imagined contractions were analysed. During prolonged MI, MRCP
amplitude at Cz electrode (Figure 3.) increased over time (F 3,36 = 4.259, p = .011, TI; =.262). As
shown with the comparison with Block 1 (vs. Block 2: ¢ (12) = -0.569, p = 1.000, dz = -0.158; vs.
Block 3: #12) = -3.050, p = .060, dz = -0.846) , MRCP amplitude at Cz progressively increased up
to significance at Block 4 (¢ (12) = -4.358, p = .006, dz = -1.242). The repeated measures correlation
analysis revealed a significant correlation between MRCP amplitude and perception of effort

during imagined contractions (7(38)=.369, p =.019).
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Figure 3. Grand averages (N = 13) of the EEG signal amplitude at Cz electrode for the first block (panel A;
imagined contraction 1 to 50), the second block (panel B; imagined contraction 51 to 100), the third block (panel C;
imagined contractions 101 to 150), and the fourth block (panel D; imagined contractions 151 to 200) of the imagined
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isometric right knee extensions. Time O corresponds to the audio signal to start the contraction (panels A, B, C, and
D), and the shaded area on the panels A, B, C and D represents the time window used for the analysis of the MRCP
amplitude. Individual values of MRCP for each participants (panel E; grey bars indicate individual values and dark
bars indicate averaged values). *: Significantly different from Block 1 (p <.05).

3.2. EFFECTS OF MENTAL FATIGUE INDUCED BY PROLONGED MOTOR
IMAGERY ON PHYSICAL EXERCISE

Motivation to perform physical exercise did not differ between conditions for intrinsic (¢12)
=0.217, p =.832, dz = .026; Prolonged MI: 18.8 + 1.3, Control condition: 18.7 + 1.2) or extrinsic
motivation (f12)=-0.378, p =713, dz =-.111; Prolonged MI: 16.9 + 1.2, Control condition: 16.8 +
L.5).

3.2.1. PSYGHOLOGICAL CHANGES

The NASA TLX scale (Figure 4.A) revealed that in the Prolonged MI condition,
participants reported a greater physical demand compared to the Control condition (¢ (11) = 2.185, p
=.049, dz = .639). No difference was reported for mental demand, temporal demand, performance,
effort and frustration subscales (all ps > .70, all |dz| < .45).

Perception of effort (Figure 4.B) increased over time (F(1, 11y = 65.466, p < .001, n;; = .856),
and was higher in the Prolonged MI condition compared to the Control condition (F(1, 11) = 5.320,
p=.042, r]f, =.326). The condition x time interaction (F(1, 11) = 6.922, p =.023, n,, = .386) revealed
a greater increase in perceived effort over time following prolonged MI (¢11)=-8.432, p <.001, dz
=-2.458) compared to watching a documentary (¢#11)=-6.151, p <.001, dz=-1.758). No significant
difference between conditions (#11) = -.906, p = 1.000, dz = -.262) was observed during the first
part of the physical exercise. During the second part of the physical exercise, perception of effort
was higher in the Prolonged MI condition compared to Control condition (#11) = -3.232, p = .031,
dz =-.933).
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Figure 4. Results for the subjective workload (NASA-TLX) (panel A) and the rating of perceived effort to
perform the physical exercise following prolonged MI (black) and documentary watching (grey). #: Significant
difference between conditions at the same time of measurement (p < .05). ***: Significant difference between two
time points within the same condition (p <.001). Data are presented as means + SE (n = 12).

3.2.2. PHYSIOLOGICAL CHANGES

> Neuromuscular changes

The 150 right knee isometric contractions induced a decrease in force production capacity
(Fa, 11y = 22.323, p <.001, 77,2, =.670) with no difference between conditions (F(1, 11y = 1.068, p
=324, nﬁ = .088) and no significant condition x time interaction (F, 11y = 3.522, p = .087, ng; =
.243; Prolonged MI condition: 195.6 N+ 15.5to 167.0 N + 12.4, Control condition: 196.1 N + 18.2
to 175.8 N =+ 14.0).

Neuromuscular responses to the physical exercise, results of the ANOVAs, and the relevant
follow-up tests are presented in Table 1. Neuromuscular responses did not differ between
conditions, except for the VL EMG RMS. The condition x time interaction (F(1, 11) = 8.711, p =
.013, n; = .442) revealed an increase solely in the Prolonged MI condition (¢11) = -2.976, p = .054,
dz =-0.859) and not in the Control condition (#11)=-0.377, p =.713, dz=-0.109).
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Prolonged MI Control Condition Time Interaction

Variables
Part 1 (0-75)  Part2(76-150)  Part1(0-75)  Part 2 (76-150) p (n2) p 12 p(3)
Force (N) 105.7+8.1 1049 7.9 104.4+7.9 104.1+£7.8 473 (.048) 297 (.098) 405 (.064)
RFD mean
o 271.8+40.7 272.8 44523 286.2 £30.2 273.9+39.1 798 (.006) 721 (012) 576 (.029)
Tremor (%) 2234040 233031 215029 2.17+023 736 (011) 802 (.006) 905 (.001)
Contraction 2.88+0.04 2.85+0.03 2.91+0.05 2.93 0.05 405 (.064) 844 (.004) 110 (215)
duration (s)
VL EMG RMS
303+22 32.7+26 30.9+2.7 312+29 827 (.005) 089 (.241) 013 (.442)
(% RMS max)

Table 1. Mean force, rate of force development (RFD), tremor, contraction duration, and vastus lateralis (VL)
EMG RMS during the isometric knee extensions, during the first part (contractions 1 to 75) and the second part
(contractions 76 to 150) of the physical exercise in Prolonged MI and Control conditions. Data are presented as means
+ SE (n=12).

> Motor and premotor area activity

For the MRCP amplitude analysis, 18.3 + 0.9 contractions per part of the exercise were
excluded due to an incorrect force development and 2.4 £+ 0.9 due to the presence of movement
artefacts. In total, 72.4 + 1.3% of the total number of contractions were included in the statistical
analysis. The numbers of contractions analyzed did not differ between the experimental conditions
(Fu,a1=4.009, p=.071, r)f, =.267) and did not change over time (F1,11) = 0.920, p = .358, n; =

.077). The condition X time interaction was also not significant (F(1,11) = 0.044, p = .838, 7712, =.004).

MRCP amplitude at Cz during the physical exercise (Figure 5) increased over time (F(1,11)
=10.325, p =.008, nj = .484) with no main effect of condition (F1.11)=2.222, p =164, nj; = .168)
or condition X time interaction (F1,11) = 3.832, p = .076 , n;, = .258). As shown in Figure 5B and

5C, MRCP amplitude responses to the actual contractions presented a notable variability. The
repeated measures correlation analysis failed to reveal a significant correlation between MRCP

amplitude and perception of effort for actual contractions (#(35)=.311, p = .060).
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Figure 5. Grand average (n = 12) of the EEG signal amplitude at Cz electrode for the first part (contractions 1 to 75)
and the second part (contractions 76 to 150) of the submaximal isometric right knee extensions in both Prolonged MI
and Control conditions. Time 0 corresponds to the audio signal to start the contraction (panel A), and the shaded arca
on the panel A represents the time window used for the analyse of the MRCP amplitude as presented in panels B and

C. Individual mean amplitude of MRCP for the first and the second part of isometric knee extensions in the Control

condition (panel B) and in the Prolonged MI condition (panel C). $$: Significant main effect of time on MRCP

amplitude (p <.01).
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4. DISCUSSION

The main aim of the present study was to confirm that, when prolonged, motor imagery could
induce a state of mental fatigue. The progressive increase in motor and premotor area activity
required to imagine the contractions, in combination with the decreased quality of motor imagery
and the increased feelings of fatigue, confirms that prolonged motor imagery induces mental
fatigue. The secondary aim of the study was to identify during a subsequent physical exercise
neurophysiological alterations caused by mental fatigue. While this study confirms previous
observations that perception of effort during a physical exercise is increased in the presence of
mental fatigue (for review see: Pageaux and Lepers, 2018; Brown et al., 2020), the results of the
analysis of the MRCP amplitude cannot firmly confirm that this higher perceived effort is related
to greater activation of the motor and premotor areas required to perform the isometric knee
extensions. As discussed thereafter, this study needs to be replicated with specific adjustments on
the physical exercise protocol to limit the exercise-induced decrease in force production capacity.
Such adjustments will facilitate the possibility to observe clearer specific alterations in MRCP

amplitude related to mental fatigue during an actual physical exercise.

4.1. EVIDENCE OF MOTOR IMAGERY

When requiring participants to engage in motor imagery, it is difficult to assess whether they
actually imagine and execute the task. The greater alpha power during the prolonged motor imagery
condition compared to the control condition, as well as the higher effort and mental demand
experienced during the prolonged motor imagery condition, suggest the involvement of different
cognitive processes during both prolonged motor imagery and documentary watching (Beyer et al.,
1990). As previously observed, the imagination of maximal voluntary contractions was associated
with the presence of MRCPs, confirming a specific activation of motor and premotor areas (do
Nascimento et al., 2006; Jankelowitz and Colebatch, 2002). The MRCP amplitudes at Cz electrode
during the imagined contractions were smaller than during the actual contractions (M = 12.00 pV
vs. M =45.56 uwV). This result is in line with neuroimaging studies reporting lower activation of
motor and premotor areas during imagined contractions compared to actual contractions (Batula et
al., 2017; Porro et al., 1996). Furthermore, it is important to note that the absence of EMG activity

during the imagination of contractions confirms that the participants imagined without activating
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their knee extensors. The integration of these results altogether confirms that the participants

accurately performed motor imagery.

4.2. EVIDENCE OF MENTAL FATIGUE INDUCED BY PROLONGED MOTOR
IMAGERY

Mental fatigue is characterized by subjective feelings of “tiredness” and “lack of energy”,
associated or not with a decrease in cognitive performance (Boksem and Tops, 2008; Brown et al.,
2020; Pageaux and Lepers, 2018). Mental fatigue is also known to increase the effort required to
perform cognitive or physical activities (Nolte et al., 2008; Pageaux and Lepers, 2016). In the
present study, feelings of fatigue increased over time, and the quality of motor imagery measured
with the report of motor imagery vividness decreased during the prolonged motor imagery session,
suggesting that prolonged motor imagery induces mental fatigue. The induction of mental fatigue
by engagement in prolonged motor imagery is also confirmed by the progressive increase in the

effort required to imagine the contractions over time.

In the present study, both the prolonged motor imagery and documentary watching increased
feelings of fatigue. While the lack of significant condition x time interaction on the reported
feelings of fatigue refrains the firm conclusion that the prolonged motor imagery condition induced
a greater level of mental fatigue than the control condition, it is important to note that the
participants experienced more effort to perform the subsequent physical exercise in the prolonged
motor imagery condition compared to the control condition. A higher than normal perception of
effort during a physical exercise is a well-reported alteration induced by the presence of mental
fatigue (for review see: Pageaux and Lepers, 2018; Brown et al., 2020). Therefore, by considering
that 1) the effort required to perform motor imagery or watching a documentary increased solely in
the prolonged motor imagery condition, and 1ii) the effort required to perform the subsequent
physical exercise increased solely in the prolonged motor imagery condition, we are confident that
the level of mental fatigue was greater following prolonged motor imagery compared to watching
a documentary for the same duration. As boredom and sleepiness are proposed to interact with
mental fatigue, it cannot be excluded that the observed increase in feelings of fatigue in the control
condition confounds with changes in boredom and/or sleepiness, as recently suggested (O’Keeffe
et al., 2020). As feelings of fatigue and boredom (Pattyn et al., 2008), as well as feelings of fatigue
and sleepiness (Shen et al., 2006), can be dissociated from each other, future studies inducing
mental fatigue should monitor the changes in these three constructs during prolonged engagement
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in demanding cognitive tasks. Such approach is likely to open new opportunities for researchers
interested in better understanding the neurophenomenological differences between the experience

of fatigue, boredom and sleepiness.

4.3. ARE BRAIN OSCILLATIONS A GOOD MARKER OF MENTAL FATIGUE
INDUCED BY PROLONGED MOTOR IMAGERY?

The analysis of brain oscillations recorded with electroencephalography is a well-used
marker of mental fatigue induced by prolonged engagement in demanding cognitive tasks. A recent
meta-analysis reported that changes in brain oscillations on the theta and alpha power are
consistently observed in the presence of mental fatigue (Tran et al., 2020). Prolonged engagement
in demanding cognitive tasks has been shown to increase the oscillations on both alpha (e.g., Craig
et al., 2012) and theta (e.g., Wascher et al., 2014) power. In the present study, no significant main
effect of time or condition % time interaction was reported for the oscillations of the alpha power,
suggesting that the completion of prolonged motor imagery did not induce a specific change over
time in this parameter. Also, contrary to the hypothesis expecting an increased theta power in the
presence of mental fatigue, the oscillations of the theta power decreased over time in the left parietal
region. The observed changes in the oscillations of the theta power and the lack of changes in the
oscillations of the alpha power do not support the possibility to use changes in brain oscillations as
a marker of mental fatigue induced by prolonged motor imagery. These results are in line with a
recent study showing that the engagement in different cognitive tasks leading to mental fatigue
(psychomotor vigilance task, AX-CPT and Stroop task) does not elicit clear effects on EEG
responses (Smith et al., 2019). The integration of our results with those of Smith et al (2019)
suggests that future studies should aim at identifying EEG-markers of mental fatigue that could

provide coherent responses between different tasks known to induce a state of mental fatigue.

4.4. PROLONGED MOTOR IMAGERY INCREASES THE MOTOR AND PREMOTOR
AREA ACTIVITY REQUIRED TO IMAGINE MUSCLE CONTRACTIONS

While the analysis of brain oscillations was not successful to identify the presence of mental
fatigue, this study is to the best of our knowledge, the first to identify a neurophysiological
alteration caused by mental fatigue induced by prolonged motor imagery. The progressive increase
in MRCP amplitude suggests that a greater motor and premotor area activity is required to imagine
muscle contractions in the presence of mental fatigue. It is therefore plausible that mental fatigue
induces alterations in the motor command required to accurately perform imagined or actual
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muscle contractions. The hypothesis of an altered motor command in the presence of mental fatigue
has been originally reported in a previous study demonstrating alterations in the speed-accuracy
trade-off in the presence of mental fatigue (Rozand et al., 2015). In this study, the authors observed
a longer duration of actual and imagined movements during a pointing task performed following
90 min of an incongruent Stroop task, compared to watching an emotionally neutral documentary
for the same duration. In the present study, the observed increase in MRCP amplitude in the
presence of mental fatigue, as well as the correlation between MRCP amplitude and perception of
effort, provides neurophysiological evidence that mental fatigue could increase the magnitude of
the motor command required to imagine a movement, and supports the hypothesis of an altered

motor command in the presence of mental fatigue proposed by Rozand et al. (2015).

While the present study confirms that prolonged motor imagery induces mental fatigue, it is
crucial to acknowledge that motor imagery is an efficient tool in rehabilitation when its use is not
prolonged. By integrating the results of the objective (increase in MRCP amplitude over time) and
subjective (increase in the effort required to imagine the contractions over time and decreased
motor imagery vividness) markers of mental fatigue, our results reconcile with the recent meta-
analysis of Schuster et al. (2011) suggesting that ~17 minutes of motor imagery is optimal to
observe positive effects on physical performance. Indeed, in the present study, significant
alterations in the effort required to perform imagined contractions was apparent after 25 min of
motor imagery (i.e., from Block 3). By integrating the results of the meta-analysis of Schuster et
al. (2011) with the results of the present study, future studies willing to use motor imagery and
control for mental fatigue induction should use motor imagery sessions lasting no longer than 20
min.

4.5. EFFECTS OF MENTAL FATIGUE INDUCED BY PROLONGED MOTOR
IMAGERY ON A SUBSEQUENT PHYSICAL EXERCISE

As observed in previous studies, performing repeated muscle contractions for a prolonged
duration induces a decrease in force production capacity that in turn increases the effort required
to perform the physical exercise (Gandevia, 2001). This decrease in force production capacity
highlights the presence of neuromuscular fatigue (Gandevia, 2001) and explains the increase in
perception of effort and MRCP amplitude during the second half of the physical exercise in both
prolonged motor imagery and control conditions (de Morree et al., 2014, 2012). Indeed, as
perception of effort during physical exercise reflects the neuronal process of the motor command
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(de Morree et al., 2014, 2012; Pageaux, 2016; Pageaux and Gaveau, 2016), producing the same
absolute level of force in the presence of neuromuscular fatigue requires an increased motor
command to counteract the negative effects of neuromuscular fatigue on the corticospinal pathway

and recruit additional muscle fibers (de Morree et al., 2012; Pageaux, 2016).

Contrary to previous studies demonstrating a higher perceived effort at the onset of the physical
exercise performed in the presence of mental fatigue (Pageaux et al., 2015, 2014, 2013), in the
present study the effort reported by the participants during the first half of the physical exercise did
not differ between the prolonged motor imagery and the control conditions. Perception of effort
was greater in the presence of mental fatigue solely in the second half of the physical exercise. As
the studies observing a higher effort at the onset of the physical exercise used cognitive tasks
predominantly involving the response inhibition process and not prolonged motor imagery, the
discrepancy in these results suggests that mental fatigue may have different effects on a physical
exercise depending on the method used to induce it. It can be speculated that, the absence of
difference in perceived effort in the first half of the physical exercice could be due to the positive
immediate effects of an acute motor imagery session on corticospinal plasticity (Ruffino et al.,
2019). It cannot be excluded that the positive effects of motor imagery on the corticospinal pathway
could counteract at the onset of the physical exercise the negative effects of mental fatigue on
subsequent physical performance. Further studies should investigate a duration-response
relationship on the effects of a single session of motor imagery on subsequent physical

performance.

4. 6. EFFECT OF MENTAL FATIGUE ON MOTOR AND PREMOTOR AREA ACTIVITY

Perception of effort is proposed to be generated by the neuronal process of a corollary
discharge of the motor command (de Morree et al., 2014, 2012; Pageaux, 2016; Pageaux and
Gaveau, 2016), and is traditionally used in the neurophysiology literature as a marker of the central
motor command (e.g., Kjar et al., 1999; McCloskey et al., 1974; Mitchell et al., 1989; Seed et al.,
2019). Muscle activation measured with EMG is traditionally used as a marker of the motor
command sent to the working muscles in studies interested in the regulation of muscle contractions
and movements (e.g., Carrier et al., 2011; Thoroughman and Shadmehr, 1999). The vastus lateralis
EMG RMS increased solely in the prolonged motor imagery condition and not in the control

condition. The specific alterations in objective (EMG) and subjective (perception of effort) indices
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of the motor command suggest that prolonged motor imagery alters the motor command in a
subsequent physical exercise, and that underlying neurophysiological alterations progressively
develop over time. However, both the nonsignificant condition x time interaction on the analysis
of the MRCP amplitude and the nonsignificant correlation between MRCP amplitude and
perception of effort do not allow to clearly conclude on that point. The observed variability in
changes in MRCP amplitude during the physical exercise performed following prolonged motor
imagery (Figure 5.C) also suggests between-participant differences in response to mental fatigue.
Although all participants declared to engage in a physical activity at least one time per week, their
exact training status and sport expertise was not collected. As expertise in endurance sports seems
to be associated with greater resistance to mental fatigue (Martin et al., 2016), the variability
observed in changes in MRCP amplitude could be due to differences between participant in training
status, sport expertise or physical activity level. In this context, studies interested in investigating
mental fatigue should carefully record at least the physical activity level of their participants, and
if possible their sport expertise and associated performance level (Decroix et al., 2016; Pauw et al.,

2013).

As previous studies also observed alterations in EMG signal of the working muscles during
submaximal physical exercices following engagement in demanding cognitive tasks (Bray et al.,
2008; Graham et al., 2014; Pageaux et al., 2015), we believe that the absence of significance in the
condition x time interaction is likely due to the confounding effects of neuromuscular fatigue on
MRCP amplitude (de Morree et al., 2014, 2012) rather than the absence of a true effects of mental
fatigue on this parameter. Indeed, as a reduction in force production capacity is known to increase
MRCP amplitude (de Morree et al., 2012), and our physical exercise induced a decrease in force
production capacity, future studies should be conducted by tailoring the physical exercise to limit
as much as possible the presence of exercise-induced neuromuscular fatigue. As the magnitude of
neuromuscular fatigue is known to be intensity and contraction duration dependent (Burnley et al.,
2012; Mendez-Villanueva et al., 2009), such tailoring could be done by decreasing the level of the
relative force target to reach during each contraction or the duration of the contractions, as well as
by increasing the recovery period between the contractions. Such changes in the physical exercise
protocol are also likely to reduce the number of excluded MRCPs due to head or body movement
during the muscle contractions. Even if knee extensions were investigated for their relevance to

locomotion and other activities of the daily life in this study, these contractions involve a large
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muscle group and generate large artifacts on the EEG signal. Therefore, we also suggest that future
studies should consider involving a smaller muscle group and perform movements such as elbow
flexions, wrist flexions or handgrip contractions. Involving a smaller muscle group compared to
the knee extensors, or decreasing the intensity of the physical exercise, will also reduce
cardiorespiratory responses to the physical exercise (Mitchell et al., 1980) and render the physical
exercise more accessible to various populations and not only physically active and healthy young
adults. Finally, we acknowledge that the limit of our sample size does not allow to clearly conclude
on the condition X time interaction on the MRCP amplitude during the physical exercise (p =.076
, nf, =.258) performed following the prolonged motor imagery. An increased sample size in future
studies is 1) likely to overcome this limitation and i1) of great importance for studies interested in

gender and sex differences in the effect of mental fatigue on subsequent physical performance.

4.7. CONCLUSION AND PERSPECTIVES

The present study confirms that, when prolonged, motor imagery induces a state of mental
fatigue. The presence of mental fatigue was evidenced by the progressive increase in motor and
premotor area activity required to imagine the contractions (i.e., increase in MRCP amplitude over
time), in combination with the decreased quality of motor imagery and the increased feelings of
fatigue. In the presence of mental fatigue induced by prolonged motor imagery, the subsequent
physical exercise was perceived as being more effortful in the second part of the exercise and was
associated with a specific increase in EMG RMS of the vastus lateralis muscle. These alterations
suggest that mental fatigue induced by prolonged motor imagery may alter the motor command
required to perform imagined and actual contractions. However, due to the marked decrease in
knee extensors force production capacity induced by the physical exercise and consequently its
confounding effects on the observed increase in MRCP amplitude (de Morree et al., 2012), future
studies will be necessary to replicate and reinforce the results of the present study, notably by

tailoring the physical exercise to avoid, or at least minimize, neuromuscular fatigue.
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