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Mental effort detection when using a motor
imagery-based brain-computer interface

Pasquale Arpaial?3, Antonio Esposito’?, Ludovica Gargiulo"?, Nicola Moccaldi®>*, Angela Natalizio®",
Marco Parvis®, and Rachele Robbio®

Abstract—A wearable electroencephalographic (EEG) device-
based method for the classification of the mental effort during
motor imagery is presented. The solution can be used to improve
the training of novice surgeons involved in minimally invasive
surgery. The method was validated on a public dataset compris-
ing recordings from two participant groups: the control group
(engaging in pure motor imagery tasks without feedback) and
the neurofeedback group (receiving feedback during their mental
tasks). In particular, a previous work on the same dataset found
a higher cognitive effort for the neurofeedback group than for
the control group, which was confirmed by the results of the
NASA-TLX questionnaire. EEG signals were acquired with an
8-electrode dry device. The EEG features of the mental effort
were identified by using the Sequential Feature Selector (SFS),
in combination with different classifiers, on the EEG data of
the control group. In order to classify between low and high
mental effort (baseline accuracy of 50 %), four EEG features
and the Multi-Layer Perceptron classifier resulted in the best
combination for the mental effort assessment in the control group,
achieving an average accuracy of 82.1 + 8.7 %. The 4 features
identified were: (i) theta-to-alpha ratio on Fz channel, (ii) beta-
to-delta ratio on O1 channel, (iii) theta-to-beta ratio on FP1
channel, and (iv) (theta+alpha)/beta on FP1 channel. The same
pipeline was employed on the neurofeedback group, achieving
an average accuracy of 84.0 + 6.8 %. These findings are in
accordance with the results of NASA-TLX questionnaire. This
work demonstrated the feasibility of assessing cognitive effort
in real-time by means of wearable EEG device during motor
imagery tasks. Thus, neurofeedback-supported motor imagery
systems can be enriched by a new module to adapt the training
to the novice surgeons and optimise learning outcomes.

Index Terms—Electroencephalography; mental effort; brain-
computer interfaces; motor imagery.

I. INTRODUCTION

In the field of surgery, fine motor control is crucial for
successful outcomes. Surgeons often need to perform delicate
and precise movements, such as suturing or manipulating small
instruments, during surgical procedures. These movements
require a high level of dexterity and coordination, which
can be improved through practice [1]. However, there is a
lack of preparation of graduate trainees due to few clinical
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opportunities to practise these skills [2]. A method that could
be effective for enhancing motor control in surgeons is the use
of motor imagery tasks [3].

Motor imagery is the mental execution of specific move-
ments without physically executing them [4]. Mental training
through motor imagery was found useful in many fields,
including sport, music and rehabilitation medicine [5]. Motor
imagery has been proved to be effective in improving technical
skills of novice surgeons in minimally invasive surgery [5].
Experienced surgeons have been found to display higher motor
imagery ability for robotic surgery, indicating that motor
imagery is a component of surgical expertise [3].

Subjective questionnaires have traditionally been used to
assess motor imagery ability [6], [7]. However, they have
limitations in terms of reliability and objectivity. To overcome
these limitations, assessments of motor imagery ability based
on electroencephalography (EEG), a non-invasive technique
that measures the electrical activity of the brain, are used.
By examining changes in EEG signals during motor imagery
tasks, objective information on an individual’s motor imagery
capacity can be obtained [8]. The EEG signal was found to be
sensitive in assessing the motor imagery skills of the robotic
suture, showing differences between beginners, intermediates
and experts [3]. In particular, the alpha-band power in frontal
and parietal regions of novices and intermediates was almost
10 times lower than that of experienced surgeons. However,
EEG-based neurofeedback should be investigated to enhance
training.

In the context of brain-computer interfaces (BCls), EEG-
based motor imagery assessments offer not only an objective
measure of the user’s imaginative abilities, but can also provide
the user with a feedback [9]. Neurofeedback, i.e. real-time
feedback on brain activity, allows users to adapt and refine
motor imagery processes within a BCI framework, promoting
greater engagement and continuity in the motor imagery task
[10]. It may offer a mechanism to influence and accelerate the
learning process, enhancing surgeon training [3].

However, prolonged motor imagery can induce mental fa-
tigue, reducing its positive effects [11], [12]. To maximise
the training of surgeons, another advantage of BCIs can be
exploited, namely the monitoring of the user’s cognitive state.
By monitoring the user’s cognitive state during motor imagery,
it is possible to assess the level of mental effort exerted
by the subject [13]. This information is crucial because it
can provide valuable insights into the effectiveness of motor
imagery training and allow for customised interventions to



optimise learning outcomes.

This study is based on a public dataset in which two
groups of subjects used a BCI based on motor imagery for
five consecutive sessions [10]. The subjects were divided
into a control group, which never received feedback as a
result of the motor task, and a neurofeedback group, which
received multimodal feedback. The EEG signal was acquired
by means of a device with only eight dry electrodes, promoting
wearability and user comfort.

The goal of this study is to demonstrate the feasibility of a
wearable electroencephalographic (EEG) device-based method
for the classification of the mental effort during motor imagery.

The device is a candidate as a tool for adaptive technology-
based training [14] of surgeons since it is based on innovative
neural interfaces and can potentially adapt to the engagement
condition detected in the subject through the EEG signal.

The remainder of the paper is organized as follows: Section
II recalls the inherent literature, Section III describes the
dataset, and explains data reorganization and processing, while
Section IV reports the results of the study.

II. BACKGROUND

Several studies in the literature focused on the identification
of mental effort on an electroencephalographic basis. In [15],
25 students were asked to solve 24 scientific problems of two
complexity levels. The EEG signal was acquired during task
execution to assess changes in the theta and alpha band. The
study highlights how increasing mental effort results into a
synchronization of theta waves and a desynchronization of
alpha waves. Specifically, the theta in the frontal and occipital
regions are significantly higher than those in the central and
parietal regions.

In [16], the mental effort is associated with gross and fine
motor exercises mediated by a robot. The EEG was acquired
from FP1, F3, FC3, C3, C4, P3, Ol, and T7. During fine
motor exercises, an increase of powers for theta relative and
alpha relative resulted in all the channels. In contrast, a general
decrease for delta relative power was found, particularly in the
FP1 channel.

The Tetris game with three difficulty levels was used in
the study presented in [17]. Auditory probes were used to
assess attention span while participants played the game.
The theta/alpha ratio power revealed that it was generally
significantly higher for the medium and hard challenge levels
compared to the easy challenge level.

In [18], participants performed a two levels cognitive task
while either seated or walking on a dual-belt treadmill. The
cognitive task required participants to detect stimuli that
took the form of objects composed of various shapes and
colors. Statistical analysis revealed significantly higher frontal
theta/alpha power when the more difficult task was performed.
Furthermore, the same feature was sensitive for the walking
condition compared to the seated one.

In [19], EEG features were input into different classifiers,
namely Logistic Regression, Support Vector Machine and
Decision Tree. The most discriminant feature between resting

state and the execution of multitasking SIMKAP test resulted
the alpha-to-beta ratio power from parietal and frontal areas.

The study presented in [20] performed an EEG-based clas-
sification of mental states related to (i) resting, (ii) mental
reading and (iii) mental calculations. The results of this
study suggest that cognition index which is a combination
of EEG band ratios based on theta, alpha, beta, and gamma
bands was an excellent predictor for detecting cognitive states.
The subject-independent optimal features also included theta
to gamma ratio, alpha to beta ratio, Hjorth mobility and
entropy over the optimal channels mainly located in parietal,
parieto-occipital, frontal, and occipital regions. These features
combined with coherence and phase-locking value (PLV)
between distinct brain regions provided the highest recognition
accuracy for cognitive states.

III. MATERIALS AND METHODS

The goal of this study is to demonstrate the feasibility
of a method based on EEG signal acquired with an 8§ dry
electrode device to assess the mental effort of novice surgeons
supported by neurofeedback during motor imagery tasks. The
starting point of the proposed method concerns the results
of the NASA-TLX questionnaire, administered to the partici-
pants, which indicated that the neurofeedback group perceived
greater mental effort. Accordingly, a proper strategy to sepa-
rate the impact on mental effort of (i) the succession of mental
tasks execution and (ii) the neurofeedback was adopted. In
particular, the most significant EEG features for mental effort
detection were identified on the control group as task execution
time increased. Then, the same features were validated for the
detection of mental effort on the neurofeedback group.

A. Dataset

A public dataset was exploited in this study [10]. It com-
prises the EEG data of 27 healthy subjects who participated in
a BCI study based on motor imagery. Participants were divided
into two groups: a control group (13 subjects) that received
no feedback and a neurofeedback group (14 subjects) that
received multimodal feedback during sessions in response to
the motor imagery task. Each participant completed five one-
hour sessions. They imagined left and right hand movements
according to a synchronous paradigm. Each session comprised
six runs each with 30 randomised trials (15 per task) for a total
of 180 trials per session. The control group performed the six
runs without ever receiving feedback. For the neurofeedback
group, the first three runs were without feedback and were
used to calibrate the system; the last three runs provided
multimodal feedback to the participants. EEG signals were
acquired via eight dry electrodes with a sampling rate of
512 Hz. Electrode placements followed the international 10-
20 EEG system, with channels located at FP1, FP2, Fz, Cz,
C3, C4, 01, and 02, while reference and bias electrodes were
placed in the frontal region at AFz and FPz, respectively. For
the complete data set and experimental details, please refer to
https://metroxraine.org/metroxraine2022/contest-dataset.
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At the end of the motor imagery sessions, participants from
both groups were administered the NASA-TLX questionnaire
[21]. Upon analyzing the questionnaire results, the neuro-
feedback group reported a perceived higher level of effort
compared to the control group. This discrepancy was statisti-
cally significant, as expected due to the additional engagement
required for the neurofeedback component.

B. Data reorganization

Participants performed six motor imagery runs in two
experimental phases, each of three runs. The runs lasted 4
minutes and were all interspersed with short breaks. Subjects
assigned to the control group performed both phases without
neurofeedback, while subjects assigned to the neurofeedback
group were supported by neurofeedback during phase 2.

In this study, data were re-labeled to detect mental effort
rather than motor imagery. To achieve this, the first and sixth
runs of the first session were used to represent low and
high mental effort, respectively. The assumption of increased
effort as time passes requires participant’s performance be-
ing constant during the whole session. This assumption was
statistically verified by comparing the classification accuracy
of motor imagery tasks between phase 1 and phase 2 of all
sessions in general for the participant belonging to the control
group. The Wilcoxon test (o« = 0.05) was carried out to
assess the average difference in the control group subjects
performances between phase 1 and phase 2. Since the EEG
features for the detection of mental effort were identified on
the control group, the statistical analysis was performed on this
group. No difference in the mean between the two performance
distributions was assumed as the null hypothesis.

C. Signal preprocessing and Feature extraction

A 4% order Butterworth bandpass filter with cutoff frequen-
cies between 1Hz and 45Hz was applied to the raw EEG
data to extract the frequency bands of interest. Subsequently,
artifacts were removed from the EEG signal using the Artifact
Subspace Reconstruction (ASR) setting a cutoff for rejection
of 11.75 (this rejection threshold parameter value was found to
be the best in the case of 8 channels in the study [22]). Next,
the signals were segmented into 1.5s epochs. Fast Fourier
Transform (FFT) was applied to segmented signals to calculate
absolute powers in the delta [1 —4] Hz, theta [4— 8] Hz, alpha
[8 — 13] Hz, beta [13 — 30] Hz, low-beta [13 — 20] Hz, high-
beta [20 — 30] Hz, gamma [30 — 45] Hz, frequency bands.
Starting from the absolute powers, the EEG features related
to cognitive effort ( [16]-[20]) were calculated:

e theta-to-beta ratio
e theta-to-alpha ratio
o beta-to-delta ratio
o (beta+gamma)/delta
o (theta+alpha)/beta

It is worth noting that the last feature corresponds to the
inverse of the engagement index [23]. Feature extraction
was performed the same way on both groups, while feature

selection was performed only on the control group and is
explained in the next subsection.

D. Feature selection and classification

In the feature selection phase, the EEG features for the
detection of mental effort were identified by considering the
first and the last run of the control group. Then, the previously
selected EEG features were employed for assessing the level
of mental effort on the neurofeedback group. Feature selection
was performed on the 13 subjects belonging to the control
group, considering the first run (low mental effort) and the
last run (high mental effort) of the first session. An algorithm
belonging to the wrapped methods [24], namely the Sequential
Feature Selection (SFS) algorithm, was used. The SFS adds
or removes features from the dataset iteratively based on
the cross-validation score of an estimator. For this study,
Forward-SFS, based on the addition of features, was imple-
mented and Leave-One-Subject-Out (LOSO) cross-validation
technique was used. The employed estimators were: k-Nearest
Neighbor (kNN), Random Forest (RF), Gaussian Naive-Bayes
(NB), Support Vector Machine (SVM), and Multi-Layer Per-
ceptron (MLP). 40 features were provided as input to the SFS,
i.e. the 5 features previously extracted for all 8 channels.

The number of features to be selected was varied until the
best performance was obtained. Next, starting from the best
classifier and the features obtained in the previous phase, a
two-level classification of mental effort was conducted on 13
subjects belonging to the neurofeedback group considering
the first run (without neurofeedback) and the last run (with
neurofeedback) of the first session. In this phase, the subject
7 of the neurofeedback group, with very low performances,
was discarded to allow a balance of samples between the two
groups. A LOSO cross-validation was employed in an inter-
subject setting.

IV. RESULTS

The Wilcoxon test on the the classification accuracy of
motor imagery tasks revealed a p-value of 0.845. Conse-
quently, the null hypothesis was not rejected and the com-
patibility between the performances of phase 1 and phase
2 was accepted. Therefore, a constant application during the
whole session was assumed. The box-plots relating to the two
phases accuracies of the control group are shown in Fig. 1.
The comparability between the accuracy values of the two
conditions demonstrates perseverance in application during
the task. This result reasonably suggests that the participants
expended more mental effort during the last run of the session.

Average classification accuracy of the mental effort level
considering the control group for the various classifiers, as
the number of features to be selected provided to the SFS
increases, is shown in Tab. I. In all cases, maximum perfor-
mance is achieved with 4 features. In particular, the highest
performance (average accuracy of 82.1 % =+ 8.7 %) was
obtained when the SFS algorithm in combination with the
MLP classifier selected the following features: (i) theta-alpha
ratio on Fz channel, (ii) beta-delta ratio on O1 channel, (iii)



TABLE I
PERCENTAGE CLASSIFICATION ACCURACY (MEAN AND STANDARD DEVIATION) OF THE MENTAL EFFORT DETECTION IN THE CONTROL GROUP, AT
VARYING THE NUMBER OF THE FEATURES AND THE CLASSIFIER ADOPTED WITHIN THE SFS ALGORITHM.

Number of Classifier
selected features MLP kNN NB RF SVM

1 60.8+14.1% 56.5+£11.1 % 54.9+109% 604+151% 62.3+£16.6%

2 624+146 % 61.1+10.1% 57.0£9.7% 649+96% 653+£13.7%

3 64.0+12.8 % 7224+103 % 57.2+105% 69.7+£8.5 % 71.3+£9.6 %

4 82.1+8.7 % 779+69% 572+105% T70.6+£9.6% 81.6+5.9 %
Wilcoxontest, V= 773.5, p =0.84,n =64 deviations are slightly overlapping) are in accordance with
. the NASA-TLX results. Therefore, the hypothesis that mental
effort is promoted by neurofeedback appears compatible with

901 : the experimental results.
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Fig. 1. Box plots: percentage classification accuracy for the participants from
control group when the motor imagery tasks were performed in phase 1 and
phase 2 of the session, respectively.

theta-beta ratio on FP1 channel, and (iv) (theta+alpha)/beta on
FP1 channel.

TABLE I
PERCENTAGE CLASSIFICATION ACCURACIES (MEAN AND STANDARD
DEVIATION) OF MPL IN DISCRIMINATING MENTAL EFFORT ON THE
NEUROFEEDBACK GROUP AT INCREASING THE NUMBER OF INPUT
FEATURES. FEATURE WERE SELECTED ACCORDING TO THEIR IMPACT ON
CLASSIFICATION ACCURACY OF THE CONTROL GROUP, IN DECREASING

ORDER.

Features Channel Accuracy
Theta-Alpha ratio Fz 50.6 £7.6 %
& Beta-Delta ratio 01 51.1+13.5 %
& Theta-Beta ratio FP1 50.8 £15.6 %

& (Theta+Alpha)/Beta  FP1 84.0+£6.8 %

In Tab. II, average accuracies for the MLP classifier of
mental effort in neurofeedbak group are shown. The best
average accuracy (84.0 % =+ 6.8 %) was achieved with the 4
previously selected features. The higher mean accuracy with
respect to control group (although the ranges of standard

V. DISCUSSION

Motor imagery-based Brain-Computer Interfaces (BClIs) can
have different fields of application, including enhancing sur-
geons’ surgical skills and manipulative abilities [3], [5]. Often
supported by neurofeedback [3], [10], motor imagery is related
to attentional processing, as it is still a mental practice [25],
[26]. Understanding the mental effort involved in such tasks
is crucial for optimizing training protocols, as it reflects the
subject’s allocated capacity to satisfy the task demands [23]. In
this study, the discriminative features of mental effort during
motor imagery tasks using a few-channel-based EEG mea-
surement system Data were labeled under the assumption that
mental effort was lower during the first and higher during the
sixth run. According to the time-based resource-sharing model
[27] [28], the persistence of cognitive task execution over
time results in progressive cognitive fatigue. The occurrence
of a cognitive fatigue condition results in a decrease in task
performance or an increase in the effort required to maintain a
high level of performance. Actually, the performance during a
task execution may be affected by the levels of engagement or
distraction [29]. The persistence of high level of performance
during the task makes it possible to rule out the advent
of distraction and ascertain a continuous application of the
subject to the proposed task over time. Therefore, in the time-
based resource-sharing model framework, the hypothesis that
as time passes, the mental effort expended by the subject
increases can be assumed.

The SFS was effective for selecting a small number of
relevant features (5 features extracted per 8 channels) from the
total of 40 EEG features extracted to classify mental effort.
The good accuracy achieved in both groups (82.1 % and
84.0 % for control and neurofeedback group, respectively)
confirms that relevant information can be acquired from a
few sources, regardless of the classifier used. This result
confirms that mental effort can also be monitored through
the use of highly wearable systems based on a few channels.
Furthermore, the spatial region found to be most informative
on mental effort is the frontal region. This is consistent with



several studies stating how the frontal lobe is associated with
cognitive processes, including complex cognitive processes
[15], [16], [18]-[20]. The small improvement in predicting
mental effort in the neurofeedback group is consistent with
previous work that showed that mental effort increases when
neurofeedback is provided [30], [31]. However, considering
that feature learning occurred only on the control group, such
a high accuracy on the neurofeedback group highlights that
the phenomenon is more discriminable. Finally, the study
has some limitations. Firstly, it was confined to a single
experimental session to mitigate participant variability effects.
Future studies should encompass multiple sessions to assess
robustness. Moreover, the use of tasks more suited to surgical
scenarios and the comparison of different EEG cap densities
could provide insights. Future investigations could extend the
proposed methodology to neurosurgeons performing motor
imagery tasks similar to their surgical routines and perform
a multi-channel cap comparison to strengthen the validation
of this wearable EEG-based study.

VI. CONCLUSIONS

The study demonstrated the feasibility of an EEG-based
method for assessing the level of mental effort during motor
imagery tasks supported by neurofeedback. The solution can
be used to improve the training of novice surgeons involved
in minimally invasive surgery by adapting the training on
the basis of mental effort detected. For all classifiers, SFS
identified four features for maximizing accuracy. MLP resulted
in higher performance, with an average accuracy of 82.1 % =+
8.7 %. The selected features were: (i) theta-to-alpha ratio on
Fz channel, (ii) beta-to-delta ratio on O1 channel, (iii) theta-to-
beta ratio on FP1 channel, and (iv) (theta+alpha)/beta on FP1
channel. The EEG features identified by the SFS are consistent
with those related to mental effort reported in the literature.
These features were used in the mental effort classification
of the neurofeedback group, employing the MLP classifier,
achieving an average accuracy of 84.0 % £ 6.8 %. This
finding is in line with the results of the NASA-TLX question-
naire, namely that subjects supported by neurofeedback show
slightly greater mental effort with respect to the group without
neurofeedback. Future research will be directed towards the
utilization of alternative feature selection algorithms capable of
navigating the feature space without becoming trapped in local
maxima.In particular, meta-heuristic approaches such as the
Salp Swarm Algorithm, which has recently been shown to be
effective for EEG feature selection in motor imagery [32], will
be tested. Additionally, the identification of a “mental effort”
threshold after which the surgeon should stop the current
action will be pursued. The classification binary choice, i.e.,
low vs high mental effort, represents a first step towards
the adoption of a metric scale with a finer resolution. The
greater the number of classes, the greater the resolution of
the classifiers in discriminating the levels of mental effort. In
this way, a classifier trained on a single subject data could
recognize the personalized alert threshold corresponding to
a specific class. Finally, integration of the proposed method

into the adaptive system for neurosurgeon training and its
experimental validation will be pursued.

ACKNOWLEDGMENTS

This work was carried out as part of the “ICT for
Health” project, which was partially supported by Ital-
ian Ministry for Universities and Research (MUR) under
the grants FITAMEDROB (PNC0000007) and “INTENSE”
project, which was financially supported by the Italian Min-
istry of Enterprise and Made in Italy, (MIMI). The authors
thank Salvatore Piccolo for his contribution to the state of the
art of this work.

REFERENCES

[11 A. Gangemi, K. Shi, S. Durgam, H. Shah, G. Havelka, M. Borhani, and
J. Radhakrishnan, “A call to evaluate manual dexterity of prospective
surgical trainees,” Journal of Surgical Research, vol. 279, pp. 518-525,
2022.

[2] S. G. Mattar, A. A. Alseidi, D. B. Jones, D. R. Jeyarajah, L. L.
Swanstrom, R. W. Aye, S. D. Wexner, J. M. Martinez, S. B. Ross, M. M.
Awad et al., “General surgery residency inadequately prepares trainees
for fellowship: results of a survey of fellowship program directors,”
Annals of surgery, vol. 258, no. 3, pp. 440-449, 2013.

[3] N. E. Anton, J. A. Whiteside, J. Cha, L. A. Perkins, M. Martin, and
D. Stefanidis, “Characterizing robotic surgical expertise: An exploratory
study of neural activation during mental imagery of robotic suturing,”
The American Journal of Surgery, vol. 222, no. 6, pp. 1131-1138, 2021.

[4] P. Arpaia, A. Esposito, A. Natalizio, and M. Parvis, “How to successfully
classify eeg in motor imagery bci: A metrological analysis of the state
of the art,” Journal of Neural Engineering, vol. 19, no. 3, p. 031002,
2022.

[5] N. Raison, K. Ahmed, T. Abe, O. Brunckhorst, G. Novara, N. Buffi,
C. Mcllhenny, H. van der Poel, M. van Hemelrijck, A. Gavazzi et al.,
“Cognitive training for technical and non-technical skills in robotic
surgery: a randomised controlled trial,” BJU international, vol. 122,
no. 6, pp. 1075-1081, 2018.

[6] S. E. Williams, J. Cumming, N. Ntoumanis, S. M. Nordin-Bates,
R. Ramsey, and C. Hall, “Further validation and development of the
movement imagery questionnaire,” Journal of sport and exercise psy-
chology, vol. 34, no. 5, pp. 621-646, 2012.

[7] F. Malouin, C. L. Richards, P. L. Jackson, M. F. Lafleur, A. Durand,
and J. Doyon, “The kinesthetic and visual imagery questionnaire (kviq)
for assessing motor imagery in persons with physical disabilities: a
reliability and construct validity study,” Journal of neurologic physical
therapy, vol. 31, no. 1, pp. 20-29, 2007.

[8] J. G. Cremades and D. G. Pease, “Concurrent validity and reliability of
lower and upper alpha activities as measures of visual and kinesthetic
imagery ability,” International Journal of Sport and Exercise Psychol-
0gy, vol. 5, no. 2, pp. 187-202, 2007.

[9] I. Sakamaki, M. Tavakoli, S. Wiebe, and K. Adams, “Examination of

effectiveness of kinaesthetic haptic feedback for motor imagery-based

brain-computer interface training,” Brain-Computer Interfaces, vol. 10,

no. 1, pp. 16-37, 2023.

P. Arpaia, D. Coyle, A. Esposito, A. Natalizio, M. Parvis, M. Pesola,

and E. Vallefuoco, “Paving the way for motor imagery-based tele-

rehabilitation through a fully wearable bci system,” Sensors, vol. 23,

no. 13, p. 5836, 2023.

C. Schuster, R. Hilfiker, O. Amft, A. Scheidhauer, B. Andrews, J. Butler,

U. Kischka, and T. Ettlin, “Best practice for motor imagery: a systematic

literature review on motor imagery training elements in five different

disciplines,” BMC medicine, vol. 9, no. 1, pp. 1-35, 2011.

T. Jacquet, R. Lepers, B. Poulin-Charronnat, P. Bard, P. Pfister, and

B. Pageaux, “Mental fatigue induced by prolonged motor imagery

increases perception of effort and the activity of motor areas,” Neu-

ropsychologia, vol. 150, p. 107701, 2021.

F.-R. Lin and C.-M. Kao, “Mental effort detection using eeg data in e-

learning contexts,” Computers & Education, vol. 122, pp. 63-79, 2018.

B. S. Bell and S. W. Kozlowski, “Advances in technology-based train-

ing,” in Managing human resources in North America. Routledge,

2012, pp. 27-43.

(10]

[11]

(12]

[13]

[14]



[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

Y. Zhu, Q. Wang, and L. Zhang, “Study of eeg characteristics while solv-
ing scientific problems with different mental effort,” Scientific Reports,
vol. 11, no. 1, p. 23783, 2021.

U. C. Dissanayake, V. Steuber, and F. Amirabdollahian, “Eeg spectral
feature modulations associated with fatigue in robot-mediated upper
limb gross and fine motor interactions,” Frontiers in Neurorobotics,
vol. 15, p. 788494, 2022.

R. J. Gentili, K. J. Jaquess, . M. Shuggi, E. P. Shaw, H. Oh, L.-
C. Lo, Y. Y. Tan, C. A. Domingues, J. A. Blanco, J. C. Rietschel
et al., “Combined assessment of attentional reserve and cognitive-
motor effort under various levels of challenge with a dry eeg system,”
Psychophysiology, vol. 55, no. 6, p. 13059, 2018.

E. P. Shaw, J. C. Rietschel, B. D. Hendershot, A. L. Pruziner, M. W.
Miller, B. D. Hatfield, and R. J. Gentili, “Measurement of attentional
reserve and mental effort for cognitive workload assessment under
various task demands during dual-task walking,” Biological psychology,
vol. 134, pp. 39-51, 2018.

B. Raufi and L. Longo, “An evaluation of the eeg alpha-to-theta and
theta-to-alpha band ratios as indexes of mental workload,” Frontiers in
Neuroinformatics, vol. 16, p. 44, 2022.

T. Suhail, K. Indiradevi, E. Suhara, S. A. Poovathinal, and A. Ayyap-
pan, “Distinguishing cognitive states using electroencephalography local
activation and functional connectivity patterns,” Biomedical Signal Pro-
cessing and Control, vol. 77, p. 103742, 2022.

S. G. Hart and L. E. Staveland, “Development of nasa-tlx (task load
index): Results of empirical and theoretical research,” in Advances in
psychology. Elsevier, 1988, vol. 52, pp. 139-183.

A. Cataldo, S. Criscuolo, E. De Benedetto, A. Masciullo, M. Pesola,
R. Schiavoni, and S. Invitto, “A method for optimizing the artifact
subspace reconstruction performance in low-density eeg,” IEEE Sensors

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Journal, vol. 22, no. 21, pp. 21257-21265, 2022.

L. E. Ismail and W. Karwowski, “Applications of eeg indices for the
quantification of human cognitive performance: A systematic review and
bibliometric analysis,” Plos one, vol. 15, no. 12, p. €0242857, 2020.
A. Apicella, P. Arpaia, F. Isgro, G. Mastrati, and N. Moccaldi, “A survey
on eeg-based solutions for emotion recognition with a low number of
channels,” IEEE Access, vol. 10, pp. 117411-117 428, 2022.

T. Mulder, S. Zijlstra, W. Zijlstra, and J. Hochstenbach, “The role of
motor imagery in learning a totally novel movement,” Experimental
brain research, vol. 154, pp. 211-217, 2004.

J. Decety, “The neurophysiological basis of motor imagery,” Behavioural
brain research, vol. 77, no. 1-2, pp. 45-52, 1996.

P. Barrouillet, S. Bernardin, and V. Camos, “Time constraints and
resource sharing in adults’ working memory spans.” Journal of experi-
mental psychology: General, vol. 133, no. 1, p. 83, 2004.

G. Borragian, H. Slama, M. Bartolomei, and P. Peigneux, “Cognitive
fatigue: A time-based resource-sharing account,” Cortex, vol. 89, pp.
71-84, 2017.

A. Apicella, P. Arpaia, M. Frosolone, and N. Moccaldi, “High-wearable
eeg-based distraction detection in motor rehabilitation,” Scientific Re-
ports, vol. 11, no. 1, p. 5297, 2021.

E. Bijleveld, “The feeling of effort during mental activity,” Conscious-
ness and Cognition, vol. 63, pp. 218-227, 2018.

J. Leppink and P. Pérez-Fuster, “Mental effort, workload, time on task,
and certainty: Beyond linear models,” Educational Psychology Review,
vol. 31, pp. 421-438, 2019.

R. Lin, C. Dong, P. Zhou, P. Ma, S. Ma, X. Chen, and H. Liu, “Motor
imagery eeg task recognition using a nonlinear granger causality feature
extraction and an improved salp swarm feature selection,” Biomedical
Signal Processing and Control, vol. 88, p. 105626, 2024.



	Introduction
	Background
	Materials and methods
	Dataset
	Data reorganization 
	Signal preprocessing and Feature extraction
	Feature selection and classification

	Results
	Discussion
	Conclusions
	References

