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Abstract—Stroke is a serious neurological disease that
may lead to long-term disabilities and even death for stroke
patients worldwide. The acute period, (<1 mo post-stroke),
is crucial for rehabilitation but the current standard clinical
practice may be ineffective for patients with severe mo-
tor impairment, since most rehabilitation programs involve
physical movement. Imagined movement — the so-called
motor imagery (MI) — has been shown to activate motor
areas of the brain without physical movement. Ml there-
fore offers an opportunity for early rehabilitation of stroke
patients. MI, however, is not widely employed in clinical
practice due to a lack of evidence-based research. Here,
we review Mi-based approaches to rehabilitation of stroke
patients and immersive virtual reality (VR) technologies to
potentially assist Ml and thus, promote recovery of motor
function.

Index Terms—Stroke, motor imagery, virtual reality, EEG,
rehabilitation, motor recovery, neuroplasticity.
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MAS: modified Ashworth scale
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rPPL: right posterior parietal lobe

SIS: stroke impact scale
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VR: virtual reality
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[. INTRODUCTION

TROKE is a leading cause of disability and death around
S the world [1]-[3]. Among stroke induced disabilities, motor
impairment — loss of function in muscle control or movement
—1is common and significantly affects stroke patients’ ability to
perform activities of daily living and to live independently [4].
Recovery of motor function is therefore a key objective of current
post-stroke rehabilitation strategies [4].

The significance of early rehabilitation for stroke patients
should be emphasised [1], [2]. The progress of motor recovery
can be classified by the Brunnstrom motor recovery stages
(BMRS) which consists of six different levels of mobility [5].
Stroke patients in the acute period are often classified into stage 1
of the BMRS, when no voluntary movement of the paretic limbs
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can be initiated [1], [5], [6]. Prolonged immobility after a stroke
may cause adverse effects such as contractures, orthopedic com-
plications, or pressure palsies [2]. The optimal commencement
of rehabilitation varies between patients, but early intervention
is generally more effective for recovery [1]-[3], [7].

Neurorecovery relies on neuroplasticity which is an ongoing
process of reorganising the neuronal components of affected
brain networks triggered by intrinsic or extrinsic stimuli [8]—
[12]. Neuroplasticity is of utmost importance in the recovery
of brain functions, rewiring the neurological components of the
brain for restoring damaged neural networks and regaining lost
functions [13]-[15]. The first month after stroke onset is the
most critical time for neurorecovery as neuroplasticity is most
active during the acute period [1], [13]-[15]. Consequently, the
urgency of early post-stroke rehabilitation necessitates effective
interventions to be implemented in the beginning of rehabilita-
tion.

Stage 1 (Flaccidity) of the BMRS begins immediately after a
stroke and is characterised by loss of voluntary motor function.
The current general methods for motor rehabilitation include
physiotherapy (PT), occupational therapy (OT), robot-therapy,
electrical stimulation, optogenetics therapy, pharmacological
therapy and virtual reality (VR) assisted motor imagery (MI)
therapy [15]-[21]. During Stage 1, conventional physiotherapy
and occupational therapy that rely on physical movement are
often ineffective [5], [15], [16], [22]. It is important to develop
strategies to allow motor rehabilitation to begin as early as
possible, especially for stroke patients with severe physical
impairment. The motor recovery rate of stroke patients depends
on whether the activities performed during rehabilitation can ef-
fectively promote neuroplasticity of the lesioned brain. To ensure
the quality of neurorehabilitation training, the tasks involved
have to be continuously challenging, repetitive, individualised,
motivating and intensive [16]. The exiting post-stroke interven-
tions have demonstrated beneficial outcomes, but most are either
still in clinical trials or not accessible worldwide due to associ-
ated costs [15]-[21]. MI and VR technology, however, are safe
and relatively cost-effective; therefore, potentially accessible to
a wider population [16], [17], [23].

MI is the ability to mentally perform a movement without
moving the body [24], [25]. M1 in rehabilitation aids to promote
reorganisation of the lesioned brain areas by recruiting undam-
aged neurons and enhancing brain activity in other neuronal
networks [26], [27]. MI abilities of stroke patients may be
impaired initially, but this ability can be recovered in the first
weeks of stroke onset [28]. Stroke patients with serious motor
impairments, nevertheless, are likely not capable of participating
in conventional physiotherapy and occupational therapy due to
severely paretic limbs [15], [29]. MI only requires stroke patients
to simulate a movement mentally which may activate the motor
cortex and hence trigger neurorecovery [24], [25]. MI potentially
allows stroke patients to rehearse motor tasks that are too difficult
or dangerous to perform physically [13], [15]. Stroke patients
may mentally activate their motor brain areas even when they
are physically inactive [30]. MI ability may deteriorate with
time following a stroke, so it could be too late to effectively
restore motor functions after the acute period, especially for

stroke patients in Stage 1 of the BMRS [28], [31]. Some stroke
patients may have difficulties in imagining movements; never-
theless, the implementation of a virtual environment may make
it easier for stroke patients to perform a MI task [16], [17],
[28], [31].

VR technology is non-invasive and may potentially accelerate
motor recovery by assisting stroke patients to practice MI in
an immersive virtual environment without any actual physical
movement [17], [32]. Performing MI with VR technology may
allow stroke patients to improve their MI capability by recruiting
the sensory modality of vision while minimising distractions
from the surroundings [25], [32]-[39]. VR technology has been
shown to facilitate motor recovery even when stroke patients are
in a minimally conscious state [22]. As a result, rehabilitation
therapy involving VR assisted MI appears to be ideal for patients
in stage 1 of the BMRS [24]-[26], [28].

Despite the fact that VR technology has been shown its
benefits for assisting stroke patients to perform MI exercise,
VR technology is not implemented in standard rehabilitation
programs worldwide [16], [17], [33], [34]. This review aims
to provide a general overview of the effectiveness of MI and
applicability of VR technology in post-stroke rehabilitation
programs.

Il. NEUROPLASTICITY DURING POST-STROKE RECOVERY

Rehabilitation relies on neuroplasticity to restore brain func-
tions [13]-[15]. Neuroplasticity is an ongoing process of the
human body that reorganises the neural components in the
central nervous system of an individual in response to intrin-
sic or extrinsic stimuli [8]—[12]. Plasticity mechanisms initiate
activity-dependent neural rewiring and synapse strengthening
during post-stroke recovery [11], [40], [41]. Synaptic plastic-
ity is a major mechanism that modifies synaptic transmission,
thus, changing brain functions accordingly [11], [41]. Home-
ostatic plasticity regulates both the presynaptic release of and
postsynaptic response to neurotransmitters, which is impor-
tant in restoring an appropriate level of synaptic activity after
stroke [40], [42]. Hebbian plasticity strengthens the synaptic
connections between presynaptic and postsynaptic neurons that
are coincidentally activated. Therefore, the circuitry of the brain
that is spared after stroke may be refined to retain proper con-
nections [40], [41], [43]. The cerebral cortex is able to activate
spontaneous neuroplasticity after brain damage events such as
stroke [8], [12], [44]. Substantial functional brain recovery can
be achieved by neuroplasticity in the first weeks post-stroke [8],
[12], [45], [46]. Neuroplasticity involves the contralateral hemi-
sphere, subcortical, spinal regions and especially the perilesional
tissue in the lesioned brain area [8], [47]. In rodent models,
spontaneous neurorecovery peaks at 7 to 14 days following a
stroke and is close to completion in 30 days which is within
the acute period [1], [40]. Post-stroke recovery is most feasible
during the acute period when neuroplasticity is most intense.
Therefore, stroke intervention is required at the first instance
of stroke onset to facilitate early neurorecovery and to prevent
further deterioration of the lesioned brain [1], [8], [12], [40],
[47].



CHOY et al.: VIRTUAL REALITY ASSISTED MOTOR IMAGERY FOR EARLY POST-STROKE RECOVERY: A REVIEW

489

Pre-hospital CT or MRI brain Medical Rehabilitation Post-stroke
care scan (ideally within andlor assessment rehabilitation
(Ambulance 1 hour of stroke surgical (within 48 (ideally within
services) onset) intervention hours) 24-48 hours)

Fig. 1.

[II. CURRENT CLINICAL PRACTICE FOR STROKE
MANAGEMENT

Stroke management requires urgent attention to minimise
complications and allow early motor rehabilitation [1]-[3], [6].
The United Kingdom National Clinical Guideline for Stroke
is representative of the most up-to-date clinical practice for
handling stroke patients worldwide [6]. Fig. 1 shows the gen-
eral procedure of stroke management from pre-hospital care to
post-stroke rehabilitation based on the United Kingdom National
Clinical Guideline for Stroke. Firstly, a stroke patient is treated
by ambulance services such as medications for controlling
stroke [6], [48], [49]. Secondly, after the stroke patient arrives
at the nearest hospital that has a stroke team, a computerized
tomography (CT) or magnetic resonance imaging (MRI) brain
scan of the stroke patient is taken for assessment immediately
when facilities are available, ideally within 1h of stroke on-
set [6], [50], [51]. Thirdly, stroke patients are treated with
medical and/or surgical interventions according to individual
conditions [6], [52]-[58]. Finally, rehabilitation needs of the
stroke patient is assessed and ideally mobilisation should begin
within 24-48 hours [6], [59]. Nevertheless, intensive out-of-bed
activities within 24 hours of stroke onset are discouraged [1], [6],
[7], [60] All the procedures of stroke management emphasise the
necessity of early intervention [1], [3], [6].

A. Stroke Condition Assessment

The progress of post-stroke recovery needs to be frequently
monitored in order to evaluate the effectiveness of rehabilita-
tion [6], [33], [61]. Some common clinical guidelines for stroke
management and assessing stroke patients include: modified
Ashworth scale (MAS), Fugl-Meyer assessment (FMA), Stroke
impact scale (SIS) and the Wolf motor function test (WMFT)
score [33], [61], [62]. MAS measures the spasticity with a score
range: 0, 1, 14, 2, 3, and 4 [17]. SIS is based on questionnaires
reported by stroke patients that evaluate their disability and
well-being after stroke with a score range: 0 to 100 [17], [63],
[64]. The upper extremity hemiparesis in particular is one of the
most common consequence of stroke and the Fugl-Meyer upper
extremity scale (FMUE) is a well-established measurement of
post-stroke rehabilitation outcome with a 66-point scale [61],
[65], [66]. The clinically importance difference (CID) of the
FMUE scores has a range from 4.25 to 7.25 due to different
aspects of upper extremity movement [61]. The WMFT is
generally used for assessing mild to moderate upper extremity
weakness in stroke patients [62]. Finally, functional magnetic
resonance imaging (fMRI) scans can be used to assess stroke
patients 48 hours after onset of motor impairment [47]. The

Flow chart of the typical clinical procedure for stroke management.

voxels of the scans can be examined to determine any linear
correlations between a recovery score and parameter estimates
of a task [47]. An earlier rehabilitation (<30 days post-stroke)
correlates to a greater increase in task-related brain activation
and also recovery score such as FMUE [47], [67].

B. Existing Techniques for Post-Stroke Rehabilitation

Physiotherapy and occupational therapy are the most main-
stream clinical practices for post-stroke rehabilitation world-
wide, but conventional physical rehabilitation generally has lim-
itations such as labour- and resource-intensive, also modest and
delayed effects in some patients [15]-[17]. Other rehabilitation
strategies are required to improve the quality of motor reha-
bilitation such as assisted robot-therapy, electrical stimulation,
optogenetic approaches, pharmacological therapy and MI in a
virtual environment.

Most existing motor rehabilitation techniques are either in
clinical trials or not accessible worldwide due to cost [12],
[17], [18], [20], [21], [32]. Assisted robot therapy may facilitate
voluntary movement by using exoskeleton with neurofeedback
to exert an amount of force that is just enough to help stroke
patients to complete a certain movement task [18]. Robotic
devices, nevertheless, by design restrict the degrees of move-
ment and portability [18], [68]. Additionally, the high cost
of mechatronic devices makes robot-therapy not an available
option worldwide [18], [68]. Robot assisted therapy may be too
intense for stroke patients at the beginning of rehabilitation when
patients’ health condition is often weak. Electrical stimulation
is able to target specific brain areas to potentially initiate the
rewiring of the damaged brain regions, but this technique still
requires more risk assessment before it can be widely employed
in clinical practice [19]. Optogenetic approaches use bioengi-
neered light-sensitive proteins to stimulate or inhibit targeted
cell type or neural circuits with temporal precision to potentially
promote neuroplasticity, which cannot be achieved by exiting
electrical stimulation techniques [20]. Applying optogenetics in
clinical practice, however, needs further development in areas
such as gene therapy and opto-electronics [20]. Pharmacological
therapy may enhance motor recovery by altering the production
of particular neurotransmitters; nevertheless, the potential side
effects of drugs varies between different stroke patients, so
more studies on pharmacological treatment for stroke patients
are required before transitioning to clinical trials [12], [21].
On the contrary, MI is safe because it only relies on stroke
patients’ ability to mentally perform a movement [17], [24]. VR
technology is non-invasive and relatively cost-effective that may
accelerate motor recovery by assisting stroke patients to practice
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Fig. 2.  Schematic of a fuzzy inference system that detects motor

imagery of the right foot via identification of EEG patterns based on a set
of rules regarding motor-related frequency bands and EEG power [78].
Figure courtesy of N. Saga et al.

MI in a fully immersive virtual environment which minimises
distractions [17], [32].

C. Computational Intelligence for Stroke Rehabilitation

Artificial intelligence is useful for processing complex signals
that are non-stationary and non-linear such as those obtained
from stroke patients [69]-[73]. Non-invasive signal acquisition
techniques are safe and preferred for stroke patients, especially
within the first month of stroke onset [1], [2], [6], [74], [75].
Positron emission tomography (PET), functional magnetic res-
onance imaging, near-infrared spectroscopy (fNIRS), magne-
toencephalography (MEG) and electroencephalography (EEG)
are the commonly used non-invasive tools to record signals
from the human body [44], [75], [76]. PET, fNIRS and fMRI
all perform indirect measurement of brain activity and have
a lower temporal resolution than EEG [75], [76]. The high
cost and bulkiness of MEG cause difficulties in implementing
into general usage for stroke patients [75]. EEG, however, is
cost-effective and has a high temporal resolution which property
is essential for assistive technology that is designed to provide
instant feedback [17], [32], [44], [69], [72], [73].

Artificial intelligence is widely applied in EEG-based assis-
tive technology during post-stroke rehabilitation to accurately
analyse complex signals [28], [69]-[73], [77]. Neural networks
consists of layers of nodes, known as neurons, designed to
estimate non-linear decision boundaries [72], [73]. Signals from
all EEG channels have some level of correlation and the un-
derlying patterns may be identified by passing through a neural
network [69], [72], [77]. Convolutional neural network (CNN) in
particular is a widely used method for MI EEG feature extraction
and classification because CNN can extract EEG features while
reducing the dimensions of input data to trivially identifiable
outputs with minimal loss [69]-[71], [77]. The disadvantage of
CNN is its requirement of a large data set for offline training and
its high computational cost [69]—[71]. Deep transfer learning is
applied with CNN to reduce preprocessing time by using a pre-
trained model which is fine-tuned by new data, then regularising
the training process using labels [72]. Fig. 2 illustrates a fuzzy

inference system that uses EEG spectral power as input from a
person performing MI dorsiflexing of the right foot [78]. There
are a set of rules based on the intensity of EEG powers in the
motor-related frequency bands: « and S[17], [36], [78]-[80].
Higher and lower power intensities respectively correspond to
two fuzzy labels: High and Low [78]. After performing the
required calculation, each rule outputs a value as shown by the
numbers in the red rectangles at the bottom right of Fig. 2 [78].
Higher output values are associated with EEG patterns of
MI [78]. Fuzzy models ultilises rules based on information of
neurophysiology and neuroscience to process EEG data; thus,
the associated flexible boundary conditions make fuzzy models
more suitable for intrinsic EEG feature extraction [72], [73].
Combining fuzzy models with neural networks can handle the
rapidly varying EEG signals [72], [73].

IV. MOTOR IMAGERY

MI is the ability to mentally rehearse a motor action in
the working memory without physically movement [24], [25],
[30]. This cognitive ability relates to motor planning and motor
preparation, as well as suppression of motor execution [24]. The
movement parameters involved in MI that need to be considered
are repetitiveness, frequency and force level of movement [16],
[24]. MI can be studied in four areas: motor control, explicitness,
sensory modality and agency [24].

A. Motor Control

Motor control consists of 3 stages: planning, preparation and
execution [24]. MI should correspond to either motor planning or
motor preparation [24]. The planning stage can be investigated
by providing partial information to a patient to compute a motor
command; whereas, in the preparation stage, the motor com-
mand is completed and the patient is ready for execution [24].
For instance, a patient is instructed to imagine a movement but
not informed which limb should be used [24]. Several action
plans may be available in the planning stage because the motor
command is only uniquely defined in the preparation stage [24].
Only the execution stage of motor control accompanies muscle
activity [24], [81], [82]. MI does not associate with overt muscle
contractions; hence, motor inhibition is implemented to suppress
physical movement during MI [24], [81], [82].

B. Motor Imagery Modalities

The type of MI can be classified by the perspective and the
sensory experience when imagining an action [24]. Feeling of
agency or ownership over an imagined limb is in first person;
whereas, mentally simulating a limb which does not belong
to oneself is in third person [83]. Explicit and implicit motor
imageries are intentionally and unintentionally generated motor
imageries respectively [24], [74], [84]. Explicit M1 is the internal
rehearsal of a movement which accompanies the feeling of the
movement consciously [74], [84]. Implicit MI relates to the
first-person perspective mental rotation usually with one part of
the body [84]. Explicit and implicit motor imageries are used
in visual modality, but can also be used in other modalities
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such as auditory [24]. Sensory stimuli are often associated with
movement [24]. There are two types of MI for visual sensory
experiences: kinesthetic and visual as confirmed by magnetoen-
cephalographic (MEG) experiments [24]-[26], [85]. Muscular
sensation is only associated with kinesthetic MI [24], [26], [85],
[86]. Ml recalls the sensory experiences corresponding to move-
ments [24]. Different imagery strategies change the brain activity
and corticomotor excitability; therefore, all sensory modalities
need to be considered for determining the sensory types that
should be focused on [24].

Different modalities of MI may share neural networks to
facilitate motor learning [24], [74], [85]. There is an overlap in
the premotor-parietal cortices between the brain activities which
are explicit MI-related and that are instruction cue-induced [24].
A shared neural mechanism appears to exist between explicit MI
and implicit MI during the planning stage of motor control [24],
[74]. Even only observing actions performed by another person
can increase the activity in the primary motor cortex(M1) and
promote motor learning related processes to improve motor
function [87], [88]. Mirror neurons are a type of neurons that
are activated during movement and also observations of move-
ment [24], [85]. The mirror neuron network allows an observer
to mentally imitate the action performed by someone else; thus,
the process of analysing the visual information of a movement
overlaps with the execution of the movement [24], [85].

C. Identification of Motor Imagery

The temporal patterns of the a-band (8-12 Hz) and the 3-band
(15-30 Hz) brain rhythms desynchronise over the sensorimotor
cortices when motor execution or MI is performed [17], [36],
[79], [80]. The w-band (8-30 Hz) rhythms correspond to the
activity of the mirror neuron system and general sensorimotor
functions [17]. The 5-band (15-30 Hz) rhythm is also measured
along with the p rhythm as event-related desynchronisation
(ERD) while a physical action is executed [17]. Event-related
synchronisation/desychronisation (ERS/ERD) are measured in
the ¢ and 3 frequency bands at the C3 and C4 locations of
EEG electrodes for optimal detection of MI of the right and
left limbs respectively [17], [79], [80], [89]. Different brain
areas are activated or inhibited in motor-related a/(8-12 Hz)- and
5(15-30 Hz)-frequency bands when performing kinesthetic and
visual MI [25]. Kinesthetic imagery (KI) accompanies muscular
sensation when performing an imagery task which results in
event-related desynchronisation (ERD) of motor-related brain
rhythms [25]. Visual imagery (VI) corresponds to the process
of analysing the visual information of an imaginary action that
leads to event-related synchronisation (ERS) of brain waves in
the «(8-12 Hz) and 5(15-30 Hz) bands [25]. Typically, KI and
VI respectively correspond to ERD and ERS distributions in
p-band (8-30 Hz) [25].

V. NEURAL CORRELATES OF MOTOR IMAGERY

MI activates many cortical and subcortical regions that signif-
icantly overlap with motor execution by employing the neurons
within those regions of the brain, especially during KI [24]-[26],
[85]. When a patient performs a MI task, the relevant brain areas

Supplementary Primary motor Upper limb
Lower
Motor area | limb
Head
Face
Mouth
) ® @

Fig. 3. (a) A conceptual cross-sectional anatomy of the brain showing
locations of the primary motor cortex (red), the supplementary motor
area (purple) and the premotor cortex (blue). (b) The motor homunculus:
a conceptual cross-sectional illustration showing different portions of the
motor cortex and the regions of the body they control.

on the side opposite to the imagined movement are expected to be
activated [77], [90]. Motor control mainly involves the primary
motor cortex (M1) and the secondary motor areas: the premotor
cortex (PMC) and the supplementary motor area (SMA) [81].

Fig. 3(a) shows the approximate locations for the motor areas
of the brain which includes M1, SMA and PMC in red, purple
and blue colour respectively. Fig. 3(b) is the motor homunculus
which conceptually shows that different areas of the motor cortex
control a specific body part [91]. Some body parts involve a
larger portion of the motor cortex depending on the complexity
involved in the corresponding movement performed by those
body parts [91]. For instance, the upper limb is controlled by
a larger area of the motor cortex than the lower limb [91]. M1
is best corresponded to motor execution [24]. There are differ-
ences in the M1 definition between various studies which cause
discrepancies. The best practice so far is to use a probabilistic
map for anatomical nomenclature [24], [85]. Somatotopically
organised MI-induced activity involves the premotor and sup-
plementary motor areas which are most likely substrates for MI
because these areas are mainly responsible for the planning and
preparation stages of motor control [24]. The premotor cortex is
the main node of MI as determined by a graph-theory analysis,
which is in agreement that a part of the premotor cortex connects
the cognitive and motor sectors of the brain [24]. MI, however,
is more measurable with SMA [81].

Activity can also be observed in the posterior parietal cortex
when performing MI tasks [24]. M1 ability is functional for some
patients with lesions of the parietal cortex [92]. Patients with
impaired posterior parietal cortex, however, cannot accurately
imagine movements and may unknowingly execute a movement
while trying to imagine the movement [24]. If the damage
is to the precentral motor cortex of the patient instead, then
the patient’s movement is impaired but MI abilities may be
preserved [24].

The brain’s functional connectivity (FC) of stroke patients’
motor system is damaged after the occurrence of stroke [86],
[93]. A healthy neuronal activity connection between differ-
ent brain areas is associated with a high FC [86], [93]. FC
corresponds to the synchrony of intrinsic blood oxygen level-
dependent (BOLD) signal fluctuations of the brain which can
be studied by fMRI [86]. Real-time fMRI can be used in MI



492

IEEE REVIEWS IN BIOMEDICAL ENGINEERING, VOL. 16, 2023

training which has illustrated that the right premotor area is
important during MI [94], [95]. As reported in previous studies
that the FC between motor-related regions and PMC may be
altered by real-time fMRI MI training. Hence, facilitating MI
practice of stroke patients by providing performance feedback
based on specific target brain regions is beneficial [94]. M1,
SMA, PMC, cerebellum, putaman, posterior parietal lobe (PPL),
and thalamus are critical for motor sequence training [26], [94].
In particular, the FC between PMC and right posterior parietal
lobe (rPPL) is found to attenuate significantly after real-time
fMRI MI training, thus, indicating the corresponding function
may be altered accordingly [94].

The stage of motor control in a MI task determines the extent
of brain activity in the M1 [24]. M1 activity is likely to be more
intense in the preparation stage than during the planning stage
of motor control [24]. The main difference between VI and KI
is observed in the frontal brain area [25]. The frontal cortex is
active during VI and suppressed for KI [25]. VI mainly induces
activities in the visually related brain regions and superior pari-
etal lobule; whereas, KI mostly activates motor-related areas and
the inferior parietal lobule, a crucial brain region during MI [24],
[85]. Only the kinesthetic type of MI changes the corticomotor
excitability [24]. The visual type of MI can have either a first
or third person perspective (interior view and external view
respectively) [25], [31]. The first person perspective influences
the sensorimotor areas more significantly than the third person
perspective [24]-[26], [85].

The “virtual hands” experiment shows that the motor cortex is
activated during motor imagery [96]. The individual alpha fre-
quency (IAF; 9.4540.54 Hz) for each subject is used to account
for between-subject variability of the alpha peak and define
the frequency bands in the “virtual hands” experiment [90],
[96]. The centroparietal areas of the ipsilesional hemisphere
and the central midline in the « band (IAF = -2 to 2 Hz)
illustrate significant desynchronisation as detected at CP5, CP3
and Cz locations of EEG electrodes. At the 81 band (IAF =
2 to 11 Hz), significant desynchronisation is mostly at the ip-
silesional hemisphere (C1, CP1), but brain activity at C2 and Cz
locations of EEG electrodes is also intense [96]. The C4 and FC2
locations of EEG electrodes at the contralesional hemisphere
measure significant desynchronisation in the « and $1 bands,
respectively, post-intervention [96]. These results are consistent
with previous studies that M1 activates the motor brain areas: M1,
PMC and SMA which are located around the central brain region
and may promote neuroplasticity to restore motor functions.

The prefrontal cortex, anterior cingulate cortex, and premotor
cortex are activated during MI [24]. The ventral prefrontal cortex
and the anterior cingulate cortex correspond to the suppression
of movement during the preparation stage of motor control [24].
During MI, the M 1 activity is suppressed by SMA [82]. There ap-
pears to be a relationship between MI and motor inhibition [24].
MI also uses subcortical motor areas such as basal ganglia and
cerebellum, but is slowed by Parkinson’s disease. Hence, the
basal ganglia may change parameters that are not related to the
contents of MI such as signal transmission speed [24], [26],
[85]. The cerebellum may process efference copy from the motor
cortex, thus, also assist in mental simulation [24].

VI. MOTOR IMAGERY FOR POST-STROKE REHABILITATION

MI in rehabilitation aims to teach patients ways to promote
reorganisation of the lesion areas by recruiting undamaged neu-
rons and enhancing brain activity in other neuronal loops [26],
[27]. Stroke patients with serious motor impairments are not
capable to participate in conventional physiotherapy and oc-
cupational therapy due to severely paretic limbs, but stroke
patients can activate their motor brain areas by MI even when
they are physically inactive [15], [16], [30]. MI is a complex
ability that requires practice and the brain’s ability to activate
certain areas of the motor cortex [8], [15], [17]. MI increases
the repetitiveness of specific motor-related tasks. Hence, mental
practice may significantly facilitate neuroplasticity and enhance
motor recovery [30]. Itis also found that stroke patients who have
performed both mental and physical practice in rehabilitation
illustrate better ability to learn skills in new environments than
stroke patients who only participate in physical exercise [26],
[30]. MI in combination with conventional physical practice
for rehabilitation has a better outcome than only practising
physical therapy [26], [27], [97]. MI combining with physical
exercise of the same movement is most effective because it
is easier for stroke patients to imagine skills that have been
previously performed, also the same neural and muscular areas
are simultaneously activated [30], [98].

A. Motor Imagery Impairment

Certain mental practices are ineffective for patients whose
ability to imagine movement is impaired. However, stroke pa-
tients may benefit from imaging movement by using different
strategies over time [28]. Some stroke patients may be more
visually inclined at the beginning of rehabilitation and their
imagery abilities may gradually become more motor-based after
first weeks of stroke onset [28]. MI allows stroke patients to
rehearse motor tasks that are too difficult and dangerous to
physically perform. Despite the potential benefits of MI, mental
exercise may not be practical for all acute stroke patients with
impaired imagery abilities at the start of rehabilitation.

Neuroplasticity may likely be an important factor in MI
performance which is most active during the first month of post-
stroke recovery; thus, stroke patients” MI ability may deteriorate
and motor rehabilitation may be ineffective over a certain period
of time [8], [15], [29], [31]. VR technology may allow stroke
patients to improve their MI capability by visually inducing an
illusion of real movement while minimising distractions from
the surroundings [16], [29], [35]-[39], [44]-[46]. Consequently,
the implementation of VR technology to assist stroke patients
to perform MI tasks is gaining popularity [15]-[17], [33].

VIl. VR ASSISTED MOTOR IMAGERY REHABILITATION

The main goal of VR technology in rehabilitation is to create
an environment that is able to provide patients with multisensory
feedback to simulate the real actions and motivate patients
to participate in MI tasks for achieving the required level of
repetitiveness and intensity of training [16], [99]. There are
three important features of VR technology for MI performance:
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TABLE |
PROS & CONs OF DIFFERENT VR STUDIES WITH RESPECTIVE PARTICIPANTS’ PROFILES AND TRAINING TIMEFRAMES
Time After Sample
Method Stroke Size Frequency Outcome Pros Cons
8 sessions (1.5h SIS: +10 1o +50. gltl)ftlélMlglrlllt%}
1.REINVENT 59-186 4 o C No significant N Small Sample
. each) over 3 . . Immersive VR, .
(2019) [33] months subjects weeks improvement in Multisensor Size.
: FMUE & MAS. 1sensory
Stimuli.
FUME: +9 Motion
. X . Observation,
10 sessions post-intervention, . No Control
2. NeuRow 1 . Fully Immersive
10 months . (15min each) then +4 Group
(2019) [17] subject VR, b
over 3 weeks. one-month . Comparison.
Multisensory
follow-up. L
Stimuli.
} Purely Mental
3. Unity3D 20 feedback & MI accuracy Control, Fully
5 20 no feedback - . No Stroke
+ 3dsMax Healthy . L significantly Immersive VR, .
subjects 8s-trials in 4 . . Patients.
(2019) [99] davs improved. Multisensory
ays. R
Stimuli.
. No
. 12 subjects Robot-
4. NJIT 14 8 sessions (Ih | pynvE: (S0 2 Assistance, Neurofeedback,
6-92 days . each) over 6 . . . Partial immersive
(2017) [101] subjects subjects similar Multisensory
months. . K . VR, Small
FUME increase. Stimuli. .
Sample Size.
. VR & 3 weekly VR EMA: +20.6.
5. Virtual control: sessions (30 Control: no Purely Mental Partial VR
Hands 1-6 months 14 9s-trials each, s niﬁc.ant Control, Visual Immersion
(2015) [96] subjects 1.5s interval) S8 Stimuli. ’
improvement
each. over 1 month.

immersion, interaction and imagination [99]. Stroke patients
are more motivated in VR assisted MI rehabilitation if the
visual environment is more complex [99]. VR allows patients
to visualise the paralysed body part that facilitates the activation
of the premotor cortex leading to faster motor learning [97].
The measured MI signals control the VR simulation [97]. The
effectiveness of MI depends on the strategies of implementing
MI into rehabilitation.

Itis important to evaluate MI performance. Online monitoring
of MI performance based on neurofeedback can provide infor-
mation for reviewing the usefulness of MI being incorporated
in rehabilitation [24]. Sensorimotor rhythm is modulations of
a- or (3- band EEG oscillations at central electrodes [24]. Sen-
sorimotor rhythms are more intense at rest and decrease when
executing and imagining a movement leading to event-related
desynchronisation (ERD) [24]. The level of ERD indicates the
extent of a patient’s engagement in a MI task [24]. There are
significant difficulties for using VR technology in rehabilitation
such as the lengthy training time that leads to fatigue in patients,
so the quality of VR technology needs to be evaluated [34].
Error-related potential (ErrP) is an event-related potential (ERP)
component for correcting errors in VR devices [34]. If the
response given by the VR device is different to a patient’s
intention to perform a certain task, then ErrP is induced [34],
[100]. There are three phases in VR-based rehabilitation: pre-
rehabiliation, rehabilitation training and post-rehabilitation [97].
In pre-rehabilitation, a pilot study involves the design and devel-
opment of MI based VR systems by obtaining the MI rhythms
for the required movements from patients [97]. Rehabilitation
training involves testing of the developed VR-MI system, by
having some patients in an experimental group and some in a

control group to practise rehabilitation with the system and with-
out the system, respectively [97]. In post-rehabiliation, clinical
assessment scales such as FMA and MAS are used to evaluate
the level and rate of motor recovery of both the experimental
and control groups after rehabilitation training [17], [33], [61],
[97].

A. Typical VR Technology for Motor Rehabilitation

Table I shows the typical VR motor rehabilitation technolo-
gies that only require MI and do not rely on residual movement
from stroke patients. The platform REINVENT allows chronic
post-stroke patients to move a virtual avatar arm via their EEG
signals, providing action observation neurofeedback generated
by patients in a fully immersive VR environment [33]. In the
REINVENT study, three of the four participants with a relatively
greater mobility had no indication of significant motor function
improvement after using the REINVENT VR platform [33].
Only the Stroke Impact Scale (SIS) is improved consistently for
all four participants ranging from +10 to +50 in the REINVENT
study (Table I) [33]. Social interaction with the therapy team
may likely contribute to the SIS improvement [33]. The NeuRow
study also involves a fully immersive VR, but there is no control
group in the study to make a comparison with the VR users [17].
The positive outcomes from NeuRow need to be interpreted with
caution [17]. The “virtual hands” technology positive outcomes
are indicated by the corresponding stimulation of sensorimotor
areas, not the M1 area during MI. Hence, it is likely that com-
pensatory changes in the brain are dominant in motor recovery
when using the “virtual hands” [96], [102], [103]. The Unity3D
+ 3dsMax software (Table I) creates a 3D virtual environment
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Fig. 4. Schematic of REINVENT neurofeedback loop [33]. 1. Interfacing: the acquisition clients receive the evoked brain signals from the VR user.

2. Processing: the features of the evoked responses are extracted and recorded. 3. Interaction: the extracted patterns are output as control signals
of the VR interface; visual feedback via the VR goggle; vibrotactile feedback via two Oculus touch controllers to the VR user. Figure courtesy of A.

Vourvopoulos et al.

that provides a range of daily living scenes such as volleyball
court and garden to suit individual needs [99]. Some common
clinical rehabilitation MI exercises involve grasping and limb
rotation [99]. VR MI training can also include daily life tasks
such as playing volleyball and catching a butterfly [99]. The
results from Unity3D + 3dsMax shown in Table I, however,
are based on only healthy participants; therefore, it is not clear
whether the same level of beneficial outcome can be observed
in stroke patients.

Fig. 4 illustrates how a stroke patient can control virtual
avatar arms by MI alone using the REINVENT platform. The
stroke patient wears an EEG cap to measure the brain signals
corresponding to MI, meanwhile, electromyography (EMG)
records the overt muscle activity and the neurophysiological
data are transmitted to the interfacing layer. The evoked brain
signals are then analysed in the processing layer, where certain
signal features are extracted and recorded. Finally, the inter-
action layer converts the extracted EEG and EMG features to
control signals of the VR system which provides visual and
vibrotactile feedback to the stroke patient via the VR goggle
(two OLED displays) and two oculus touch controllers with 6
degrees of freedom respectively [33]. Stroke patients, thus, can
focus on MI tasks in a fully immersive virtual environment.
The experimental procedure of the REINVENT VR study is
representative of the process of a typical clinical trial. Stroke
patients’ motor functions are examined pre-intervention and
post-intervention using clinical scales, Transcranial Magnetic
Stimulation (TMS), MRI and questionnaires to demonstrate the
effectiveness and feasibility of the REINVENT platform. The
resting state of stroke patients provides the baseline data which
are measured when stroke patients eyes are open and closed [33].
All 4 stroke patients in the REINVENT study had 8 sessions
in 3 weeks, except for one patient who had 16 sessions in 6
weeks [33]. Each training session consists of 4 blocks each with
20 trials [33]. Each trial consists of the baseline with 10 seconds

and the MI task with 20 seconds [33]. All stroke patients show
improvement in motor functions of upper limbs. Stroke patients
with more severe motor impairment appear to illustrate better
outcome with EEG-based neurofeedback; whereas, EMG-based
neurofeedback may enhance motor recovery more for stroke
patients with relatively milder motor disabilities [33].

The “virtual hands” are another type of EEG-based VR tech-
nology [96]. The hands of a stroke patient, who is wearing an
EEG cap, are placed in an adjustable forearm orthosis covered
with a white blanket on a desk. The white blanket provides visual
feedback as a virtual representation of the stroke patients’ actual
hands. The movement of the “virtual hands” are controlled by the
stroke patients’ imagination of hand movements. A therapist is
required to monitor and analyse the stroke patient’s brain activity
and muscle relaxation of the paretic hand and forearm by EEG
and EMG respectively [96].

B. Feasibility of VR-Based Technology for Motor
Rehabilitation

The effect of MI on the motor areas of the brain is reproducible
and a potentially feasible clinical intervention for rehabilita-
tion [17], [26], [33], [96]. Virtual reality in combination with
EEG has also demonstrated beneficial outcomes for patients with
disorder of consciousness (DoC) which is often the initial state
of many stroke patients [22]. 3D-VR devices have shown to be
effective in providing patients a full immersion experience that
helps patients to better engage in MI tasks in comparison to
2D-VR approaches which are only capable of partial immersion
of VR [35]-[37]. VR helps patients in stage 1 of the BMRS to
begin Ml practice once their vitals have become stable even when
no voluntary movement can be initiated; hence, rehabilitation is
not delayed by physical difficulties. Haptic and auditory feed-
backs can also be implemented in VR technology which provides
vibrotactile feedback during MI tasks inducing an illusion of
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performing a physical movement such as rowing a boat [17],
[33]. VR technology with the integrated neurofeedback presents
an innovative approach to facilitating neurorehabilitation of
stroke patients in stage 1 of the BMRS. It can be an integral
part of post-stroke rehabilitation programs around the world if
there is substantial evidence to indicate its benefits.

VIIl. CONCLUSION

There is evidence showing the potential benefit of MI for
post-stroke rehabilitation, even when conventional methods re-
lying on residual movement such as physiotherapy are ineffec-
tive [15], [16], [22]. VR technology may assist MI performance
in recovering motor functions after stroke as shown by the VR
studies presented in Table I. There is barely any large-scale re-
search incorporating MI in rehabilitation during the acute period
(<1 mo), hence the opportunities and possibilities offered by MI
in the acute period of post-stroke are not fully understood [28],
[84]. Several existing studies indicate potential improvement
in motor function after using VR technology for performing
MI tasks [29], [33], [68], [96], [99], [101], [104]-[106]. Future
experiments may focus on the improvement of VR technology
and understanding of post-stroke motor recovery in order to
produce cost-effective and user-friendly VR devices suitable for
stroke patients with various medical backgrounds in different
clinical settings. The effectiveness and applicability of MI and
VR technology for acute stroke patients in post-stroke motor
rehabilitation may be evaluated further by investigating whether
MI induces neuronal responses, and confirming whether use of
VR technology can enhance neural responses within the first
month post-stroke. In addition, it is also important to confirm
which specific locations of the motor cortex are activated, i.e.
regions of the brain corresponding to particular MI tasks such
as fingers flexion and shoulder rotation [107].

Stroke may affect different patients in various ways, hence
certain MI tasks may be more suitable for different stroke
patients [13], [15], [28], [31]. Itis essential to accurately identify
the type of suitable MI tasks which can satisfy the diverse needs
of stroke patients. VR-assisted MI may soon be implemented in
standard rehabilitation protocols to improve the quality of post-
stroke motor recovery programs if there is substantial evidence
of benefits from practising MI and using VR technology.

VR-assisted MI may be a promising strategy for facilitating
post-stroke recovery. MI activates the brain areas responsible for
physical movement such as the M1, PMC and SMA; hence, MI
appears to be an effective way to initiates neurorehabilitation as
soon as stroke patients are in a stable condition. VR technology
assists in engaging stroke patients with MI tasks in a fully
immersive virtual environment that may enhance MI capability
and potentially promote neurorecovery, especially during the
early stage of post-stroke recovery when the patients cannot
initiate any voluntary movement. VR technology is safe and may
facilitate the effect of MI by providing constant multi-sensory
feedback to simulate the real movement. Using VR-assisted MI,
along with the conventional physical therapy and occupational
therapy, may be a clinically feasible approach for early motor
recovery, particularly during stage 1 of the BMRS. This review is

an attempt to provide insights for developing future experiments
and guide further investigation of the feasibility of applying
MI combined with new immersive technologies such as VR for
motor function recovery.
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