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Research on mental fatigue
during long-term motor imagery:
a pilot study

Tianqing Li%, Dong Zhang?, Ying Wang?, Shengcui Cheng?, Juan Wang?, Yuanyuan Zhang?,
Ping Xie?*! & Xiaoling Chen2**

Mental fatigue during long-term motor imagery (MI) may affect intention recognition in Ml
applications. However, the current research lacks the monitoring of mental fatigue during Ml and

the definition of robust biomarkers. The present study aims to reveal the effects of mental fatigue

on motor imagery recognition at the brain region level and explore biomarkers of mental fatigue. To
achieve this, we recruited 10 healthy participants and asked them to complete a long-term motor
imagery task involving both right- and left-handed movements. During the experiment, we recorded
32-channel EEG data and carried out a fatigue questionnaire for each participant. As a result, we found
that mental fatigue significantly decreased the subjects’ motor imagery recognition rate during M.
Additionally the theta power of frontal, central, parietal, and occipital clusters significantly increased
after the presence of mental fatigue. Furthermore, the phase synchronization between the central
cluster and the frontal and occipital lobes was significantly weakened. To summarize, the theta bands
of frontal, central, and parieto-occipital clusters may serve as powerful biomarkers for monitoring
mental fatigue during motor imagery. Additionally, changes in functional connectivity between the
central cluster and the prefrontal and occipital lobes during motor imagery could be investigated as
potential biomarkers.

Motor imagery (MI) is verified as a mental activity in which participants mentally simulate body movements
without any actual actions, which means that participants will feel themselves performing the actions. MI has
been used in the rehabilitation of various neurological diseases and motor disorders?, and studies have verified
the role of MI in motor rehabilitation of stroke patients and cerebral palsy patients**. Mental fatigue is a psycho-
biological state caused by prolonged and demanding cognitive activity®. Mental fatigue can manifest as somno-
lence, lethargy, or directional attention fatigue’. Prolonged physical or mental work can cause mental fatigue,
which can reduce attention levels and even lead to serious accidents®. Suoging Niu et al. used the Stroop task to
induce mental fatigue and confirmed that mental fatigue impairs dart-throwing performance’. Akira Nakashima
et al. designed a controlled experiment to verify that continuous repetition of MI as actual exercise training can
decrease corticospinal excitability'?. Other Studies also have shown that repeated MI can cause mental fatigue,
but this phenomenon is usually ignored!-1. Franck Di Rienzo et al. confirmed in a controlled experiment that
mental fatigue impairs MI vividness and evokes negative emotions in participants during motor tasks with low
physical demands'!. Mental fatigue is gradually becoming a focus of attention for researchers.

Most current methods for assessing mental fatigue are subjective and/or time-consuming. Fatigue question-
naires such as the National Aeronautics and Space Administration (NASA) Task Load Index (NASATLX)' and
Brief Fatigue Inventory (BFI)'®7, are easily affected by subjective factors. Gold-standard tests such as N-back
tests for working memory!® are time-consuming and unmeasurable. Therefore, it is very important to select
appropriate indicators or biomarkers of mental fatigue'?, spectral electroencephalogram as a potential biomarker
has received extensive attention from researchers®. Yvonne Tran et al.* conducted a meta-analysis based on 21
studies on mental fatigue, and the analysis results supported that the theta band activity in the frontal, central,
and posterior sites can serve as a robust biomarker of mental fatigue, and the alpha band changes were consid-
ered to be related to individual differences. Some studies have focused on mental fatigue during MI, Upasana
Talukdar et al.?* used the kernel partial least squares method to show the changes of mental fatigue during MI.
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Vianney Rozand et al.?® compared the effects of the MI combined with the motor execution and motor imagery

and proposed that regular execution of actual movements can counteract the mental fatigue caused by ML
Upasana Talukdar et al.?* proposed an unsupervised adaptive feature extraction scheme, which adjusted the
feature extractor of MI-BCI by tracking the fatigue level of the participants, and found that adapting the common
spatial pattern (CSP) according to mental fatigue can improve the MI recognition rate. However, there are still
two problems in the current research on mental fatigue during MI. One is that the biomarker of mental fatigue
during MI is temporarily unclear. Most of the related studies have been carried out based on mental fatigue
generated during simulated driving, simulated flying, and cognitive tasks?>?"?-%, but the results are poorly
generalized. The other problem is that the existing studies have only suggested the effects of mental fatigue on MI
performance, and some researchers believe that controlling the MI training time in a suitable range can avoid the
effects of mental fatigue'®*°. It is difficult to set a universal MI training time considering the different time nodes
that induce mental fatigue among individuals. Therefore, it is important to investigate the mechanism by which
mental fatigue impairs MI performance during prolonged MI training to modulate mental fatigue in the future.

Above all, this study sought to explore the physiological mechanisms about how mental fatigue affects MI
performance and further investigate a robust biomarker of mental fatigue during long-term MI training. We first
conducted a novel MI experiment and recorded EEG signals and subjective BFI scores during the MI experiment.
Subsequently, we demonstrated that participants’ state of mental fatigue affected training performance as MI
time increased. At the same time, we determined that changes in theta rhythm activity in specific parts of the
cerebral cortex during the resting state can effectively reflect mental fatigue caused by motor imagery. Finally, it
is difficult to monitor mental fatigue during motor imagery in real time with the use of only resting EEG power
spectral density as a biomarker. For this reason, we chose phase synchronization indicators to explore the effect
of mental fatigue on functional connectivity during MI.

Method

Participants

Ten healthy participants (four females and six males) were recruited. The participants had no prior experimental
experience before participating in the experiment, and all of them signed an informed consent form and were
also informed of the experimental procedure and the use of the experimental data. This study was approved by
the Ethics Committee of The First Hospital of Qinhuangdao (Protocol Number: 2021A032 Date: May 22, 2021)
and conducted in accordance with the Declaration of Helsinki. None of the participants had motor or cognitive
impairments, the basic information of the subjects is shown in Table 1.

Procedure

Before and after the formal experiment, each participant is required to undergo a 5 min resting-state experiment
while recording EEG data and filling out a BFI questionnaire. Participants had to indicate their level of fatigue
by selecting a score on an 11-point Likert scale'”. The BFI used in this study is the Chinese version of the scale
in the Supplementary Materials. Some questions in BFI ask the level of fatigue within 24 h. To avoid repetition,
participants were prompted to answer these questions only once during the pre-test. Before commencing the
experiment, participants were instructed to sit in a relaxed and natural position in front of the computer screen.
The MI experiment consisted of four blocks, with each block containing around 50 randomly generated left
and right-hand MI trials. In a trial, participants performed MI for 4s, and then viewed a fixation cross on a
white background for 4s. Participants performed MI by judging the left or right hand from the picture. When
the cross appeared on the screen, participants were asked to stop MI but focus on the screen. After each block,
participants only need to choose a number to indicate their current level of fatigue, followed by a 3 min rest.
The whole experiment would take about 50 min, while EEG data was recorded throughout. The experimental
paradigm is shown in Fig. la.

EEG recording

We recorded 32-channel EEG signal with the EEG signal acquisition device (JL-EEG32W, Jiangxi Brain Modu-
lation Technology Development Company, China), which includes a matching amplifier, Multichannel data
recording software, and an AgCl electrode 32-lead EEG cap. The electrode position is determined according to
the international 10-20 standard system as shown in Fig. 1b. Before the experiment, the subjects wore the EEG
cap and used EEG paste to reduce the electrode impedance to below 50 k. The amplifier sampling rate was
2000 Hz without filtering and the analog-to-digital conversion bits is 24bit.

Information Data

No. of participants | 10

Gender (F/M) 4/6

Aged (years) 22.8+1.033
Height (cm) 171.5+6.06
Weight (kg) 67.85+12.75

Footedness (R/L) 10/0

Table 1. Participant characteristics. Data in the table are expressed using MEAN + SD.
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Figure 1. Experimental paradigm and electrode distribution (a) experimental diagram (b) EEG cap electrode
location map.

Data analysis and statistics

Pre-processing

We used EEGLAB V20.0%! to process the raw EEG data. After electrode positioning and removal of unneces-
sary electrodes, the EEG signals from 31 channels (Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T7, T8,
P7, P8, Fz, Cz, Pz, FC1, FC2, CP1, CP2, FC5, FC6, CP5, CP6, TP9, TP10, FT9, FT10) were high-pass filtered at
1 Hz and low-pass filtered at 80 Hz. After that, a notch filter was used to remove 50 Hz power interference. At
this point, there were still artifacts such as eye, heart, and muscle movements in the EEG signals. Therefore, the
independent component analysis (ICA) algorithm was used to further process the signals, and the signals were
finally downsampled to 500 Hz.

Data analysis

Motor imagery classification accuracy rate during MI training. In order to observe the impact of fatigue on
motor imagination ability during motor imagery and confirm the necessity of studying mental fatigue during
MI. We first calculated the motor imagery classification accuracy rate during long-term MI. Considering that
CSP** can effectively utilize the spatial correlation of EEG signals, and reduce data dimensions and computa-
tional complexity, in this study, we used it to reduce the dimensionality of EEG signals and obtained CSP features
that can be represented in two dimensions. After that, we used support vector machines (SVM)* to classify
the EEG data. The SVM algorithm finds a hyperplane in the sample space to separate different samples while
maximizing the distance between the margin points of the two-point sets. To ensure the reliability of the results,
we used tenfold cross-validation to calculate the recognition rate of the motion imagery. The data is randomly
divided into 10 parts and nine of them are used as training data and one as testing data in turn for calculating the
accuracy rate. The average of the results was obtained as the motor imagery classification accuracy rate.

Power spectral density. A meta-analysis of 21 studies on mental fatigue revealed that changes in theta band
activity in the frontal, central, and parietal sites could serve as biomarkers of mental fatigue, while the article also
suggested that the changes in the alpha band were not consistent across subjects?!. This meta-analysis was based
on studies that included only simulated driving, simulated flying, real driving, cognitive tasks, and visual stimuli.
We found it difficult to extend the results to MI training. Therefore, we used the resting-state EEG data from
the pre-and post-test phases to calculate the power spectral density as shown in Eq. (1). The study calculated
the proportions of theta and alpha bands within 1-80 Hz (delta (1-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta
(13-30 Hz), and gamma (30-80 Hz) bands) in EEG signal from frontal, central, and parieto-occipital clusters.
The channels for the three clusters are shown in Fig. 2.
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Figure 2. Channel selection (a) channel selection for the frontal cluster (Fp1, Fp2, F3, F4, Fz, F8, F7) (b)
channel selection for the central cluster (FC3, FC4, C3, C4, Cz, CP3, CP4) (c) channel selection for the parieto-
occipital cluster (P3, P4, Pz, P7, P8, O1, O2).
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PSD = |0 /N (1)

Phase synchronization. Functional and effective connectivity in the brain represents statistical dependence
and directed information flow between cortical areas. In particular functional connectivity represents the under-
lying interconnections between brain regions in some way*’. We speculated that mental fatigue induced by
long-term MI training may impair the phase synchronization of the brain further affecting MI performance.
The phase difference can indicate the degree of synchronization or coherence between two EEG signals, which
reflects the functional connectivity between the brain regions that generate these signals*®?’. It has been sug-
gested that functional connectivity in the right hemisphere was increased in high compared to low aptitude MI-
BCI users during motor imagery?®. Phase locking value (PLV) is an important method to indicate synchroniza-
tion of EEG signals®, as a common indicator of functional connectivity, it has the advantage of being unaffected
by artifacts on the signal amplitude. We used the feature to observe the changes in brain functional connectivity
due to mental fatigue during the MI and selected the EEG signals with the main MI frequency of 8-13 Hz as
the research object. The formula for calculating the PLV of the alpha band (8-13 Hz) during a trial is as follows:

1 N
PLV = 1> exp(i¥y — v))] @)

n=1

where N is the number of time points in a trail, Y4 represents the phase of channel g at the time point », and j
is the imaginary unit.

Statistical analysis

All data in this study was collected in the lab for research purposes. Participants were allowed to withdraw from
the experiment at any time and request their experimental data be removed. Data normality was tested using the
Shapiro-Wilk normality test. Wilcoxon test was used for nonparametric data for paired comparisons and one-
way t-test was used for data with normal distribution. One-way repeated measures analysis of variance (ANO-
VAs) was conducted to compare participants’ BFI scores and MI recognition rate after completing each block
of MI training in the study (BFI score: F=56.72, p <0.001, n =0.8631; MI recognition rate: F=8.301, p <0.001,
77 =0.4798). Firstly, the data were tested for normality and varlance homogeneity using the Shapiro-Wilk test and
Levenes test. Subsequently, Mauchly’s test of sphericity was utilized to verify the equality of covariances across
conditions. For data not meeting these criteria, Greenhouse-Geisser correction was applied. Finally, Bonferroni
correction was conducted for pairwise comparisons to get the trends in the data.

For frequency band changes a three-way repeated measures ANOVA was used (3[brain region (frontal,
central, parieto-occipital)] x 2[band (theta, alpha)] x 2[time (pre, post)]), similarly to before normality and
variance homogeneity were tested, followed by testing for equality of data covariances to determine whether
a correction should be applied. Finally, post-hoc pairwise comparisons using the Bonferroni correction were
used to explore significant main effects further. Statistical analyses were performed using the IBM SPSS Statistics
program (version 26) and fatigue drawing with Prism 9.0 software. In this study, p values <0.05 were considered
statistically significant.

Results

Changes in BFI scores and Ml recognition with mental fatigue during MI

To observe changes in participants’ subjective fatigue perception during MI, we recorded changes in participants’
BFI scores and trends in average BFI scores during MI training (Table 2), higher BFI scores indicate greater
subjective fatigue in participants. It can be seen in Table 2 that each participant’s BFI score increased after the
end of motor imagery. Figure 3 showed that, except for the second block of MI training, the average BFI value

Pre-test | Block_1 |Block 2 | Block 3 | Post-test (block_4)

M1 0.89 1 111 1.33 1.67
M2 4.33 4.56 4.56 4.67 4.89
M3 233 2.56 2.56 2.67 2.89
M4 5.11 533 533 533 5.45
M5 3.44 3.67 3.67 3.78 4

M6 222 233 2.44 2.56 2.56
M7 6 6 6.11 6.33 6.44
M8 4 4 4.11 4.33 4.44
M9 7 7.11 7.22 7.22 7.33
M10 222 222 233 2.44 2.56

Table 2. BFI Scores for all subjects.
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Figure 3. Trends in participants’ average BFI scores. The asterisks above the line indicate the statistical
significance of the difference between each stage and the pre-test (n;= 0.9765). Error bands denote the
mean+95% CI (n=10).

increased significantly after each block of motor imagery compared with the previous block (p <0.05). All p
values are shown in Fig. 3.

Additionally, we considered that the scale evaluation is not objective enough and is easily affected by the
subject’s physical condition and individual cognitive differences. We also calculated the recognition rate of each
subject during the MI in Fig. 4a. It was observed that during the MI, the majority of participants achieved their
maximum MI recognition rate in either block 2 or block 3. Furthermore, to show the changing trend of motor
imagery recognition rate with MI, we have plotted Fig. 4b. As in Fig. 3, all p values were shown in the figure. The
figure shows that participants’ average motor imagery recognition rate increased with the number of training
times in the first three blocks, peaking at the third block of MI training. However, at the end of the last block
group, instead of improving, the motor imagery recognition rate showed a significant decrease.

Changes in theta band activity as biomarkers of mental fatigue are feasible

To investigate the feasibility of EEG power spectra densities reflecting changes in mental fatigue, we calculated
the power spectral densities of resting EEG signals in the frontal, central, and parieto-occipital sites (Fig. S1),
and performed Three-way repeated measures ANOVA on the pre-and post-test data (brain region: F =34.54,
p<0.001,7,=0.7933; band: F=38.52, p<0.001,7,=0.8105; time: F=5.688, p=0.041, 77,=0.3873; brain region *
band: F=40.87, p<0.001, 1712, =0.8195, Fig. 5). Our findings suggested that changes in theta waves in the frontal,
central, and parieto—occipital sites were more suitable as biomarkers of mental fatigue than alpha waves. The
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Figure 4. MI recognition rate (a) changes in the MI recognition rate of each participant during MI. (b)
Changes in the average MI recognition rate of participants during MI (7712;= 0.8160). Error bands denote the
mean +95% CI (n=10).
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Figure 5. Three-way repeated measures ANOVA results of EEG signal power spectrum changes in alpha and
theta bands in frontal and central sites at resting state. (a) Changes in theta band of EEG signals in the frontal
site (p <0.001, 72=0.7452). (b) Changes in theta band of EEG signals in the central site (p <0.001, 72=0.8029).
(c) Changes in tll)leta band of EEG signals in the parleto occipital site (p<0.001, r; =0.5977). (d) Changes in
alpha band of EEG signals i 1n the frontal site (p>0.05, n%=0.1659). (e) Changes in alpha band of EEG signals

in the central site (p>0.05, np <0.01). (f) Changes in alpha band of EEG signals in the parieto—occipital site
(p>0.05,72<0.01).

study also indicated that mental fatigue resulting from long-term recurrent MI may mainly affect wave activity
in the frontal, central, and parietal sites, which can be used as a reference for future research on the modulation
of mental fatigue.

Changes in phase synchronization reflect the generation of mental fatigue

To investigate whether changes in the brain’s functional connections during motor imagery can reflect the
emergence of mental fatigue. We calculated PLV values for whole-brain pathways in the alpha band during
MI in blocks 1 and 4 (Fig. 6a, b). From Fig. 6c¢, it can be seen that there was a decrease in whole-brain phase
synchronization in participants after long-term MI training. We selected a nonparametric test to statistically
compare whole-brain functional connectivity using the two-tailed Wilcoxon signed-rank test (Fig. 6d). Sig-
nificant mental fatigue was found to significantly reduce phase synchrony between the central cluster and the
frontal and occipital clusters.

Discussion
Most studies on mental fatigue focus on fatigue while driving vehicles, such as cars and airplanes. Therefore,
we conducted a long-term and high-repetitive MI experiment to explore the characteristics of mental fatigue
during MI. Our findings suggested that the changes in the theta band activity in the frontal, central, and pari-
eto-occipital sites of the brain in resting state EEG signals can serve as robust biomarkers of mental fatigue
during motor imagery. At the same time, we found that changes in phase synchronization between the central
cluster and other cortices during MI may also reflect the onset of mental fatigue. This discussion will cover these
findings and phenomena in the study.

Muhammad Awais et al. conducted a driving simulator based study to observe the significant changes that
occur in the EEG power spectrum during monotonous driving®. The finding suggested that the alpha and theta
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Figure 6. Changes in phase synchronization between whole-brain channels during block 1 and block 4 MI
periods. (a) Whole-brain functional connectivity matrix during MI in block 1. (b) Whole-brain functional
connectivity matrix during MI in block 4. (c) Changes in the functional connectivity matrix between block
1 and block 4. (d) Phase synchronization between the central cluster and the frontal and occipital lobes was
significantly reduced, non-white areas indicate significant reduction (p <0.05), the signed-rank statistic and
effect size obtained from the statistical analyses are provided in Table S1.

band powers in the occipital and parietal regions increased significantly when the participants were fatigued.
This study provided a theoretical basis for fatigue driving monitoring and prevention of traffic accidents. Teng
Cao et al. used an objective and real-time method based on electroencephalography (EEG) spectral analysis
to evaluate the fatigue in SSVEP-based BCIs*’. Xiaoli Fan et al.*! designed a long-term visual search task and
found that the alpha activity of the frontal, central, posterior temporal, parietal, and occipital lobes increased
significantly, and a dip occurred in the beta activity in the pre-frontal, inferior frontal, posterior temporal, and
occipital lobes. Our results showed that the theta band power in the frontal, central, and parieto—occipital sites
increased significantly, while the alpha band power did not show any regular changes. In previous studies, it was
shown that theta band activity increases when individuals feel fatigued*?. Theta waves are thought to be related
to neural activity such as sleep, working memory, and cognitive performance. Several studies have shown that
an increase in the theta frequency band is related to increased levels of mental fatigue*>*%. In MI training when
participants felt fatigued they became sleepy and difficult to maintain attention and vigilance level. Increased
activity in the alpha band was associated with increased mental effort to maintain attention*2. This study pro-
vided some potential indicators for monitoring and evaluating mental fatigue during MI, which can be used in
the future to monitor the changes in mental fatigue during MI rehabilitation training and adjust the training
difficulty based on this indicator.

In some studies, researchers have proposed that fatigue caused by exercise can affect MI ability. Thiago
Ferreira Dias Kanthack et al.** designed a comparative experiment that included continuous and intermittent
exercise. By testing the MI ability of the participants after exercise, they verified that continuous exercise had an
impact on MI. Akira Nakashima et al.** used a visual analog scale and pinch force to assess subjective mental
fatigue and muscle fatigue and confirmed that MI training caused mental fatigue by continuously repeating M1,
which reduced the training performance. However, the authors did not reveal how to improve the experimental
effect in this study. We designed a fatigue-inducing experiment that included 200 MI trials, and we found that
participants’ fatigue was maintained at a low level during the first 100 MI training trials after that mental fatigue
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increased significantly. We therefore suggested that the MI training effect was optimal between 100 and 150 trials,
and the duration should be controlled within 30 min. Moderate levels of fatigue may cause participants to exert
more effort during motor imagery. This finding may provide a reference for subsequent MI-related training and
psychological paradigm design.

Our study strongly supports the conclusion that excessive MI training can impair MI ability. We also selected
the BFI score as a subjective indicator and the MI recognition rate as an objective indicator to ensure the accuracy
of the results. Although some studies have pointed out that mental fatigue can reduce MI ability, they did not
reveal the mechanism from a physiological perspective. We found that with the occurrence of mental fatigue, the
phase synchronization in the alpha band (8-13 Hz) between the central cluster and other brain regions decreased
significantly. In recent years, more and more studies have suggested that mental fatigue is associated with the
reorganization of functional connectivity between brain regions*. Yang Shuo et al. induced mental fatigue
through a sustained cognitive task and found that the dynamic structure and functional properties of the brain
functional network in the brain-fatigue state were changed, and the efficiency of information transmission was
reduced”’. An increase in brain waves at 8-13 Hz is thought to be associated with maintaining concentration®?,
and when participants feel fatigued they have difficulties in maintaining attention and concentration. Based on
this we suggest that mental fatigue altered the phase synchronization between participants’ brain regions affect-
ing MI performance. It is hypothesized that if the alpha band phase synchronization between the central cluster
and other brain regions could be improved by neuromodulation techniques, it might be possible to modulate
mental fatigue during MI to improve the quality of the EEG signal.

In the present study, we found the pattern of mental fatigue during repeated MI training and provided reli-
able biomarkers for monitoring mental fatigue. However, this study had several limitations. One limitation of
our study is that we only collected data from 10 participants in this study. Although we obtained regular results,
we still need to consider the impact of the small sample size on the results when explaining the phenomena. In
addition, we chose the BFI scale to collect scores from the participants, and the results were inevitably affected
by the participants’ subjective feelings. Another limitation is that our study considered the fatigue caused by
sitting in the EEG room for a long time, so we allowed participants to choose a natural and comfortable position
to start the experiment. However, this could not completely exclude the effect of sitting for a long time on the
experiment. In the future, we will optimize the experimental design to exclude the interference of this factor. It is
important to note that the effects of MI on mental fatigue have been studied in other research, and the methods
of this study are not completely innovative.

Conclusion

In summary, we found that the increase of theta band activity in the frontal, central, and parieto-occipital regions
of the brain could better reflect the increase of mental fatigue than the alpha band activity. We also observed that
the MI training effect was better in the range of 100-150 trials, which may guide the clinical application of the
MI paradigm. We propose that phase synchrony between central and occipital regions decreases significantly
after participants experience mental fatigue. This feature can be studied as a potential biomarker and provide a
theoretical basis for future regulation of neurological fatigue.

Data availability
Currently, the data used in this study is not publicly available, they are part of an ongoing study. The data sup-
porting this study’s findings are available on request from the corresponding author.
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