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Prospects for intelligent rehabilitation techniques to 
treat motor dysfunction

Cong-Cong Huo1, 3, 4,  #, Ya Zheng2, #, Wei-Wei Lu2, #, Teng-Yu Zhang3, 4, Dai-Fa Wang1, *, 
Dong-Sheng Xu5, 6, 7, *, Zeng-Yong Li3, 4, *

Abstract  
More than half of stroke patients live with different levels of motor dysfunction after 
receiving routine rehabilitation treatments. Therefore, new rehabilitation technologies 
are urgently needed as auxiliary treatments for motor rehabilitation. Based on routine 
rehabilitation treatments, a new intelligent rehabilitation platform has been developed 
for accurate evaluation of function and rehabilitation training. The emerging intelligent 
rehabilitation techniques can promote the development of motor function rehabilitation 
in terms of informatization, standardization, and intelligence. Traditional assessment 
methods are mostly subjective, depending on the experience and expertise of clinicians, 
and lack standardization and precision. It is therefore difficult to track functional changes 
during the rehabilitation process. Emerging intelligent rehabilitation techniques provide 
objective and accurate functional assessment for stroke patients that can promote 
improvement of clinical guidance for treatment. Artificial intelligence and neural networks 
play a critical role in intelligent rehabilitation. Multiple novel techniques, such as brain-
computer interfaces, virtual reality, neural circuit-magnetic stimulation, and robot-assisted 
therapy, have been widely used in the clinic. This review summarizes the emerging 
intelligent rehabilitation techniques for the evaluation and treatment of motor dysfunction 
caused by nervous system diseases.
Key Words: brain; central nerve; injury; nerve; nerve function; neurogenesis; plasticity; 
repair; spinal cord

https://doi.org/10.4103/1673-5374.290884

Received: September 17, 2019

Peer review started: October 6, 2019

Accepted: February 26, 2020

Published online: August 24, 2020

Introduction 
Motor dysfunction results from a wide range of neurological 
diseases, such as stroke and spinal cord injury, and it brings 
tremendous economic and social burdens to sufferers and the 
community. Patients with motor dysfunction generally suffer 
from limited mobility and impaired normal daily activities and 
they have a high demand for rehabilitation training assistance. 
Despite substantial improvements in motor rehabilitation, 
residual disability and persisting neurological deficits remain 
a major medical concern. Approximately one-third of stroke 
patients experience a permanent motor deficit that impacts 
their daily activities (Dimyan and Cohen, 2011).

The understanding of brain plasticity and the development 
of artificial intelligence technology can play a critical role 
in functional motor recovery. Brain plasticity is the ability 
of the human brain to adapt to change and environmental 
stimuli, such as brain damage, therapeutic treatment and 
experiences, by reorganizing its structure, function, and 
connections (Cramer et al., 2011). The basic structural reserve 
and the anatomical plasticity of the brain is an important 
parameter for significant motor recovery (Di Pino et al., 

2014). Recently, a new intelligent rehabilitation platform 
has been developed based on conventional rehabilitation 
treatments for rehabilitation training and accurate evaluation 
of progress. Emerging intelligent rehabilitation technologies 
can promote the development of rehabilitation in terms of 
informatization, standardization and intelligence. Various 
advanced intelligent technologies, such as brain-computer 
interfaces (BCI), virtual reality (VR), neural circuit-magnetic 
stimulation, and robot-assisted therapy, are currently being 
developed to promote functional assessment and effective 
rehabilitation treatments for patients with motor dysfunction. 
Accurate evaluation of the degree of impairment following 
motor dysfunction is important for assessing the efficacy 
of rehabilitation treatment, determining the most effective 
treatment interventions, and predicting functional recovery. In 
this review, we focus on advances in intelligent rehabilitation 
techniques and their efficacy in treating motor impairment. 

Search Strategy and Selection Criteria
All available articles concerning intelligent rehabilitation, 
functional assessment, and motor dysfunction were obtained 
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by searching the major literature databases, Google Scholar, 
Web of Science, PubMed, and the IEE Electronic Library. 
Keywords for searching: rehabilitation, motor dysfunction, 
stroke, spinal cord injury (SCI), functional assessment, motor 
recovery, neurological biomarker, electrophysiological, 
biomechanical, rehabilitation training, functional electrical 
st imulation (FES),  functional  magnetic  st imulation, 
biofeedback, neurofeedback, robot-assisted, brain-computer 
interface (BCI), virtual reality (VR), intelligent rehabilitation, 
stem cell, and various combinations of the above terms. The 
search dates were set for articles published between 2005 
and 2020.

Advances in Assessment of Motor Function 
Rehabilitation
With the growing emphasis on evidence-based clinical 
practice, it has become increasingly important to develop 
objective and efficient methods to precisely assess the 
functional deficits of patients with motor dysfunction. An 
accurate and quantitative assessment system for evaluating 
and predicting the functional status of patients is necessary 
for realistic rehabilitation goal-setting and for efficient 
allocation of treatment resources following motor dysfunction. 
At present, different subjective assessment scales are applied 
by clinicians that mainly involve assessment of neurological 
deficits (National Institutes of Health Stroke Scale), motor 
pattern (Brunnstrom recovery states), motor performance 
(Fugl-Meyer assessment), balance (Berg Balance Scale), and 
activities of daily living (Barthel Index). The reliability of these 
scales depends largely on the experience and expertise of 
clinicians. The inherent subjectivity of these assessment scales 
makes it difficult to accurately and objectively reflect the 
functional performance of patients. Thus, it is hard to follow 
functional changes in the rehabilitation process and to adjust 
rehabilitation treatment accordingly.

Objective assessment methods, such as biomechanical tests, 
electrophysiological measurements, and neuroimaging have 
been gradually developed and clinically applied to supplement 
and improve traditional assessment. These methods now 
constitute a new field for functional assessment of motor 
rehabilitation. Based on biomechanics, muscle strength can be 
objectively quantified under isometric conditions to clarify the 
degree of motor deficits in stroke individuals (Rabelo et al., 
2016). The electrophysiology techniques of electromyography, 
mechanomyography, and motor evoked potentials can be used 
in the clinic to objectively evaluate neuromuscular condition. 
Generally, the presence or absence of motor evoked potentials 
in paretic limbs within a few hours or days following motor 
dysfunction is associated with recovery outcomes (Di Pino et 
al., 2014). Visual tracking systems with digital recording and 
image analysis, mainly collect parameters such as surface 
electromyography signals, trajectory of movement, joint 
angels, and joint angular velocity to objectively assess the 
motor function of stroke individuals (Taniguchi et al., 2015).

Neurological biomarkers derived from neuroimaging 
technologies have more prognostic and predictive value for 
motor recovery than clinical behavioral biomarkers (Borich et 
al., 2014; Bernhardt et al., 2016). As a non-invasive probe of 
brain anatomy, function and physiology, magnetic resonance 
imaging (MRI) is a highly versatile modality that can provide 
detailed biophysical information of lesion areas and plays 
a crucial part in assessing motor dysfunction recovery 
(Macintosh and Graham, 2013). A study based on functional 
MRI (fMRI) showed that disruption of inter-hemispheric 
functional connectivity in the somatomotor network was 
significantly correlated with upper extremity impairment in 
stroke patients (Carter et al., 2010). Analysis of inter- or intra-
hemispheric connectivity by fMRI has been clinically applied 
to investigate the effect of stroke on the cerebral network and 

to assess the health of brain networks, with implications for 
prognosis and recovery from stroke (Zhao et al., 2016). The 
structural integrity of white matter pathways can be detected 
by diffusion-weighted MRI. Greater loss of ipsilesional tract 
integrity, at the level of the posterior limb of the internal 
capsule is associated with worse motor outcome for stroke 
patients (Puig et al., 2017). Accumulating evidence shows 
that the extent of damage to corticospinal tract integrity 
measured by diffusion tensor imaging is a key biomarker 
for predicting the prognosis of motor function after stroke 
(Puig et al., 2017). In recent years, functional near-infrared 
spectroscopy (fNIRS), an optical neuroimaging technique, 
has enabled the noninvasive capture of neural activation 
based on hemodynamic responses (Ferrari and Quaresima, 
2012). Compared with fMRI, the unique advantages of 
fNIRS (continuity, dynamic monitoring, resistance to motion 
artifacts) make it possible to detect brain reorganization 
patterns during functional motor tasks to evaluate the 
effect of treatment on rehabilitation (Petracca et al., 2015). 
A fNIRS study showed an altered pattern of activation in 
the contralesional and ipsilesional motor cortices following 
stroke (Huo et al., 2019). A greater understanding of fNIRS-
based cerebral reorganization will open a new field for motor 
functional assessment following motor dysfunction.

In summary, the time after the onset of stroke, lesion location, 
and integrity of corticospinal tracts are all key factors that 
significantly influence functional outcome after stroke. A 
combination of neurological biomarkers and clinical outcomes 
has been proposed to enable accurate clinical evaluation 
and prognosis after stroke (Stinear et al., 2017). Clinical 
databases that archive motor function tests, detailed imaging 
information, and neurophysiological data may benefit the 
accurate prognosis and treatment decisions for individuals 
with motor dysfunction (Puig et al., 2017). In the future, 
based on clinical functional scales, electrophysiological tests, 
biomechanical tests, and neuroimaging tests, a multimodal 
assessment method combined the central-peripheral 
information can be developed to precisely determine 
functional deficits of patients with motor dysfunction (Figure 
1). Such a multimodal functional assessment method will 
enable accurate prognosis and guide treatment choice for 
rehabilitation, and predict functional recovery after motor 
dysfunction. 

Advances in Motor Function Rehabilitation 
Training 
Recovery of motor dysfunction is a complex process, which is 
not only related to the ability to perform movement and to 
successfully complete a task to the pre-injury standard, but 
is also associated with functional restoration in neural tissue 
(Levin et al., 2009). Neuroplasticity is the basic mechanism 
underlying improvement in functional outcome after stroke 
(Pekna et al., 2012). Therefore, the focus of motor dysfunction 
rehabilitation is the recovery of the affected neuromuscular 
functions, establishment of neural circuits of sensation-motion 
and achievement of independent body control (Resquín et 
al., 2016). At present, constraint-induced therapy (Bang et al., 
2018), bilateral training (Coupar et al., 2010), motor imagery 
(Langhorne et al., 2009), mirror therapy (Bai et al., 2019), and 
treadmill training plus body-weight support (Huang et al., 
2019) are common rehabilitation therapies that improve motor 
capabilities of patients with motor dysfunction. A combination 
of task-specific training therapies remains the gold standard 
treatment for post-stroke motor rehabilitation (Dimyan and 
Cohen, 2011). However, positive results of motor rehabilitation 
are limited. Approximately one-third of stroke patients 
experience a permanent motor deficit that impacts their daily 
activities (Dimyan and Cohen, 2011). Therefore, developing 
more effective therapies that target motor function is of great 
importance for motor dysfunction rehabilitation.
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FES
Somatosensory input is necessary for accurate motor 
performance and effective motor learning (Lai et al., 2016). 
Recently, FES over peripheral structures showed potential 
to augment the effect of sensory afferent inputs to the 
central nervous system and to concurrently induce increased 
motor cortex excitability (Christiansen and Perez, 2018). 
FES is gaining popularity as an effective stroke rehabilitation 
therapy to artificially activate the sensorimotor system 
(Po-pović, 2014). It has also been proposed as a possible 
adjuvant strategy capable of improving spasticity and balance 
in patients with stroke (Cho et al., 2013). Motor training is 
best performed when the stroke-affected motor cortex is 
excitable and is in a higher functional connectivity state with 
the muscles. Given that plastic changes induced by FES can 
last for 30–110 minutes (Lai et al., 2016), peripheral FES can 
be integrated within a conventional stroke rehabilitation 
program to enhance motor recovery in patients with stroke 
(Salhab et al., 2016). Somatosensory stimulation of the paretic 
hand immediately prior to physical practice can enhance 
the training of functional hand tasks in patients with chronic 
stroke (Conrad et al., 2011). The therapeutic effects of this 
combination rehabilitation protocol are promising and 
contribute to consolidation of rehabilitative treatment effects. 

Functional magnetic stimulation
Neuromodulation has been a fast-growing discipline during 
the past two decades and has radically changed the treat-
ment of several nervous system disorders (Staudt et al., 2019). 
Neuromodulation technology generates therapeutic effects 
on CNS signal transmission, exciting, inhibiting or regulating 
neuronal and neural network activities (Blackmore et al., 
2019). Transcranial magnetic stimulation (TMS) as a non-
invasive brain stimulation technique that has been widely 
used because of its advantages of no pain, no damage, safety, 
reliability, and ease of operation. As an exogenous stimulus, 
TMS can safely affect brain metabolism, nerve conduction 
(Rossi et al., 2009), cortical neuron action potentials, and can 
modify the state of tissue excitability. The accumulated effect 
of repeated stimulation produces artificially induced action 
potentials to promote axoplasmic transport, thereby improving 
brain metabolism and stimulating neural plasticity (Valero-
Cabré et al., 2007).

The imbalance of interhemispheric inhibition between 
contralesional and ipsilesional hemispheres after stroke is 
correlated with motor functional performance (Dodd et 
al., 2017). Motor improvement may be facilitated by the 
reduction of excessive inhibition from the contralesional to 
the ipsilesional hemisphere. Thus, TMS protocols commonly 
use low-frequency repeated TMS (< 1 Hz) applied to the 
unaffected side to suppress local neural activities, and high-
frequency repeated TMS (> 10 Hz) applied to the affected 
side to activate them. A combination protocol of TMS 
and occupational therapy can maximize brain plasticity 
and produce beneficial functional reorganization in the 
affected hemisphere after stroke (Yamada et al., 2013). The 
involvement of multiple descending motor pathways plays 
a critical role in functional motor recovery following motor 
dysfunction, the corticospinal tracts being one of the most 
important pathways. In patients with chronic incomplete 
spinal cord injury, a targeted TMS protocol based on the 
principle of spike-timing dependent plasticity, induced 
the plasticity of residual corticospinal projections and 
spontaneously increased motor output to enhance motor 
function (Christiansen and Perez, 2018). Animal experiments 
showed that magnetic stimulation after spinal cord injury can 
protect spinal nerve tissue and promote the regeneration of 
nerve fibers to achieve nerve reinnervation of the damaged 
limbs. With a TMS protocol of 10 Hz repeated for 8 weeks, the 
movements of rats with T10–11 damage were significantly 
improved and were related to a higher density of serotonergic 
fibers (Poirrier et al., 2004) and increased expression of Nestin 
in the damaged spinal cord tissue (Cullen and Young, 2016). 

Neural circuit reconstruction is the process of nerve repair and 
regeneration and it is an important way to achieve functional 
reconstruction after nerve damage. For motor dysfunction 
resulting from central nervous system injury, the goal of neural 
circuit reconstruction is to achieve recanalization of sensation-
motion circuits, including functional repair or remodeling of 
autonomous and involuntary movements, shallow sensations 
and proprioception, and autonomic nerves. Neural circuit 
reconstruction depends not only on local nerve regeneration, 
but also on effective stimulation of the remaining nerve fibers 
in the damaged area and maximization of their function. In this 
theoretical framework, nerve circuit stimulation should not be 
limited to cortical stimulation. More multi-target, multimodal 
progressive repetitive intervention is needed for sensorimotor 
circuit reconstruction. The establishment of a task-oriented 
functional magnetic stimulation rehabilitation mode, 
combining magnetic stimulation technology with rehabilitation 
tasks, would produce more encouraging results. However, it 
is necessary for stimulation to be accurate and the precision 
of rehabilitation can be realized using neurophysiological 
assessment and neuroimaging techniques. It is noticeable that 
only when longer duration interventions were given, could 
long-lasting effects be achieved with possible mechanisms 
detected at both the spinal cord and cerebral cortex levels. 

Biofeedback-based rehabilitation training
Biofeedback-based interventions mainly integrate task-
dependent physical therapy and cognitive stimuli within an 
interactive and multimodal environment, and are gaining 
interest in motor dysfunction rehabilitation. Generally, bio-
feedback is defined as a modality that provides information 
about subconscious body processes to make patients con-
sciously modify the movement process (Wing, 2001). The 
procedure utilizes electronic equipment to continuously 
monitor a selected neurophysiological response (e.g., heart 
rate, breathing rate, muscle tension, or brain activity) and 
to then convert the measurements of these responses into 
a visual or auditory representation for the individual. The 
individual can then easily perceive the information and 
can be asked to modify their performance accordingly to 
achieve better predefined results. The rehabilitation system 

Figure 1 ｜ Multimodal assessment combines the clinical functional scale 
and electrophysiological, biomechanical, and neuroimaging tests. 
BBS: Berg Balance Scale; BI: Barthel Index; CMCT: central motor conduction 
time; DTI: diffusion tensor imaging; ECG: electrocardiogram; EEG: 
elecroencephalogram; EMG: electromyogram; fNIRS: functional near-infrared 
spectroscopy; JA: joint angels; JAV: joint angular velocity; MEP: motor evoked 
potentials; MRI: magnetic resonance imaging; MS: muscle strength; NIHSS: 
National Institutes of Health Stroke Scale.

Review
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with biofeedback enabled the measurable evaluation of 
performance and generation of media-based feedback by 
quantifying active movement intention and muscle status to 
promote comprehensive improvement of several movements 
(Lehrer et al., 2011).

Surface electromyography, containing a wealth of physiological 
information, has been widely applied in biofeedback for stroke 
rehabilitation (Cesqui et al., 2013). Motor learning together 
with biofeedback provision can result in better retention 
of learned skills (Subramanian et al., 2010). Rehabilitation 
of hand function based on sensing and force-feedback can 
improve grasping capabilities with several objects (Ben-Tzvi et 
al., 2016). Kinesthetic haptic bio-feedback can also provide a 
beneficial therapeutic effect by improving balance in patients 
with stroke (Afzal et al., 2015). FES can elicit strong sensory 
input and enhance sensorimotor integration (Lai et al., 2016); 
however, FES alone for stroke rehabilitation lacks feedback 
information of the patient’s status. It is difficult to ensure a 
patient’s active participation during the process, leading to 
lower rehabilitation efficiency. A closed loop FES system using 
surface electromyography bias biofeedback from bilateral 
arms has been proposed for enhancing recovery of upper-limb 
function and rehabilitation efficiency. The stimulation process 
can be adjusted according to the neuromuscular states in 
real time and muscle fatigue can be effectively alleviated 
compared with constant cycling FES (Quandt and Hummel, 
2014). Surface electromyography-triggered FES can induce 
corticospinal plasticity and shows an advantage over FES alone 
for motor improvement in the chronic stage of stroke (Fujiwara 
et al., 2009).

Neurofeedback therapy is a specialized form of biofeedback 
that targets circumscribed neural activation and provides 
visual representation about the measurements to patients. 
Neurofeedback information related to tasks enables 
patients to achieve self-modulation in real time during a 
motor process in stroke rehabilitation treatment (Wang et 
al., 2018). Recent studies have shown that fMRI (blood-
oxygenation level-dependent signal), fNIRS (hemodynamics), 
e l e c ro e n - c e p h a l o g ra m  ( E E G )  ( b ra i n  w av e s ) ,  a n d 
magnetoencephalography are effective at reflecting brain 
information as a neurofeedback tool. Neural plasticity is 
guided in different ways depending on the feedback modality. 
The user can receive visual or auditory feedback about the 
brainwave activity associated with their efforts and can thus 
voluntarily self-modulate their brain activity to reach training 
goals. Neurofeedback training of brain rhythms for motor 
learning is likely to enhance motor recovery following stroke. 
Neurofeedback interventions based on fNIRS have enhanced 
motor recovery in post-stroke patients with hemiparesis 
(Mihara, 2018).

Advanced intelligence rehabilitation techniques
Robot-assisted therapy
Intensive motor rehabilitation can improve the motor function 
of patients with motor dysfunction, but the clinical demand for 
rehabilitation is currently greater than the supply. Therefore, 
there is a need for a service that allows motor dysfunction 
survivors to be less reliant upon a therapist for motor learning 
skills and to enable self-management of long-term disability. 
Over the past decade, several technological systems have been 
developed to facilitate independent rehabilitation, such as 
robot-assisted therapy. Commonly used robot-assisted devices 
for motor training include end-effector and exoskeleton types 
(Mehrholz and Pohl, 2012). End-effector robots have the 
advantage of easy setup. However, they suffer from the limited 
control of proximal limb joints. This disadvantage can result 
in abnormal movement patterns. In contrast, exoskeleton-
type devices have robot axes aligned with the anatomical axes 
of the user, which provides direct control of individual joints 
and minimizes abnormal posture or movement. According to 

clinical needs, a real-time two-axis mirror robot system was 
developed as a simple add-on module for conventional mirror 
therapy with a closed feedback mechanism, which controls 
real-time movement of the hemiplegic arm (Beom et al., 2016). 
Diverse applications of robotic rehabilitation devices and their 
effectiveness at recovering arm and hand function have been 
reviewed (Huang et al., 2017). The most important advantage 
of robotic rehabilitation therapy is the ability to deliver high-
dose and high-intensity training, making it useful for patients 
with motor disorders to intensify their therapy without placing 
excessive demands on therapists (Chang and Kim, 2013). 
However, there is limited evidence showing significant superior 
effectiveness of robotic therapy over conventional therapy 
(Huang et al., 2017). Currently, robot-assisted therapy in 
stroke rehabilitation is considered an adjunct tool rather than 
a substitute for conventional rehabilitation therapy and the 
patient-therapist relationship (Huang et al., 2017). Compared 
with mainly relying on robotic devices, the right combination 
of robot-assisted therapy and conventional rehabilitation is 
far more likely to achieve the desired effect of motor function 
recovery with flexible control of sensation to motion.

BCI
Advances in neuroscience and engineering technology 
have enabled BCI to become a new technique for neural 
function rehabilitation and assistive motor control for motor 
rehabilitation (Cervera et al., 2018). BCI is defined as a system 
that can measure brain activity and convert it into artificial 
output that replaces, restores, enhances, supplements, or 
improves central nervous system output and thereby drives 
external devices (Buch et al., 2008). BCI can directly decode 
the motor thinking information in the central nervous system 
and construct a brain-machine feedback loop to assist 
patients in rehabilitation training. The application of BCI 
technology to motor rehabilitation can not only enable motor 
dysfunction patients to regain the control of limbs, but to also 
establish an active closed-loop stimulus feedback to achieve 
motor function reconstruction. More importantly, BCI can 
monitor and feedback the functional activities of the central 
nervous system, making the process of active participation 
in rehabilitation training observable. This technology offers 
promising strategies to modulate neuroplasticity and has the 
potential to provide an enhanced rehabilitation treatment 
for patients who have lost limb movement control after 
stroke. The prolonged use of BCI training by stroke patients 
can induce clinical improvement of upper limb function 
(Mukaino et al., 2014) with plasticity changes in brain activity 
(Grosse-Wentrup et al., 2011). The volitional control of 
neuromagnetic activity recorded over central scalp regions can 
be achieved with BCI training after stroke and can promote 
motor improvement, muscle reactivation, and structural and 
functional reorganization of the ipsilesional hemisphere. 
Results of neurological activation and motor function 
recovery demonstrate that BCI technology can enhance the 
effect of stroke rehabilitation training and further verifies 
the effectiveness of BCI training for motor function recovery 
(Pichiorri et al., 2015). A BCI system based on EEG has recently 
been proposed as a therapeutic intervention for environmental 
interaction and motor rehabilitation in patients with severe 
hemiplegia (Zhang et al., 2017). Patients using EEG-BCIs 
volitionally generate patterns of brain activity that are detected 
by the BCI and translated into movement of the paretic limb by 
external effectors, thereby bridging the disconnection between 
intention to move and execution (Várkuti et al., 2013). A BCI-
FES training platform has been designed for rehabilitation 
of motor dysfunction patients to improve the rehabilitation 
process. In this platform, the FES was driven by users’ motor 
intention detected from brain activities related to motor tasks 
(Jure et al., 2016). A recent study presented a platform with 
a complete sensorimotor closed-loop system that combined 
a motor imaging-based BCI, FES, and visual feedback 



268  ｜NEURAL REGENERATION RESEARCH｜Vol 16｜No.2｜February 2021

technologies for post-stroke rehabilitation (Irimia et al., 
2017). This system can be used as a novel tool to improve the 
rehabilitation process by detecting a patient’s motor intention, 
performing it by FES and finally receiving appropriate feedback 
(Jure et al., 2016). The application of effective rehabilitation 
technology will enhance motor capabilities to progress motor 
recovery following motor dysfunction. 

VR-based rehabilitation
VR systems provide a multidimensional experience within an 
immersive, semi-immersive or non-immersive perspective, 
enabling users to interact with virtual simulated environments 
in stroke rehabilitation settings (Laver et al., 2015). VR-based 
rehabilitation intervention has been applied extensively to 
neurological diseases, and has generally achieved positive 
outcomes (Tak et al., 2015). VR systems capture participants’ 
movements, which are then visualized on the computer screen 
in different ways, a process called movement visualization. The 
major forms of movement visualization have been summarized 
as indirect, abstract and augmented reality (Ferreira Dos 
Santos et al., 2016). In stroke patients, movement visualization 
contributed to the observation of limb movement, which 
activated the mirror neuron system in the frontoparietal 
cortex area. Moreover, fMRI showed that mirror neuron 
activity could be enhanced in healthy volunteers during 
the movement observation task whether the virtual limb 
was presented on the screen or not (Modroño et al., 2019). 
These findings indicated the possible correlation between 
VR systems and the mirror neuron system. In most cases, 
the VR system was supplemented or integrated with other 
stroke rehabilitation approaches. The integration of kinetic-
based VR and a cognitive strategy improved motor function 
and occupational performance in patients with chronic stroke 
(Faria et al., 2018). Kinetic-based VR and physical therapy 
was administered to chronic stroke patients to assess upper 
extremity function and results were compared with those of 
a group receiving only physical therapy; the motor function 
and active range of motion of the upper extremities were 
significantly improved (Aşkın et al., 2018). FES of the wrist 
and finger extensors was integrated into a VR based-wearable 
device to stimulate adequate contraction of wrist and digits 
extensors (Lee et al., 2018). VR has also been integrated 
within a BCI , which used elecroencephalography to detect 
the attempt of upper extremity movement in the brain, and 
synchronized electromyography of peripheral muscle activity 
(Vourvopoulos et al., 2019). The virtual motion of the upper 
extremity in VR depending on the patient’s volition benefited 
patients with severe impairment the most. VR-FES and BCI-
VR both linked the central and peripheral nervous systems, 
forming a nervous loop and might facilitate cortical excitability 
and neuroplasticity.  Analogously, constraint-induced 
movement therapy was delivered to chronic stroke patients at 
home via a VR game, which showed promising results without 
adverse events (Borstad et al., 2018). VR based-devices have 
been acknowledged to be effective for movement disorders 
as an adjunct therapy. The effect of rehabilitation approaches 
could be augmented and enhanced via VR training systems to 
achieve better outcomes for patients with neurological disease 
compared with isolated techniques alone. VR in combination 
with motor imagery could also elicit excitability in the motor 
cortex and reduced intracortical inhibition to regenerate 
nerves in patients after stroke (Im et al., 2016). Motor imagery 
using a VR system significantly enhanced cortical excitability. 
Proprioceptive neuromuscular facilitation was also combined 
with VR in stroke patients in randomized controlled trials; 
however, no significant differences in upper limb function 
among proprioceptive neuromuscular facilitation, VR, and VR-
proprioceptive neuromuscular facilitation groups were seen 
(Junior et al., 2019). The immersive and amusing nature of 
VR systems can motivate individuals to devote more time to 
training. Future research will focus on the various types of VR 

training systems (customized or commercial) and VR training 
dosage.

Prospects and Challenges
Performing complex motor tasks requires high levels of 
attention and sensorimotor processing to integrate visual, 
proprioceptive, and somatosensory feedback information 
with motor output. In recovering stroke patients, this process 
involves the pathophysiological processes of neurological 
repair, synaptic plasticity, and neural circuit reconstruction. At 
present, clinical decisions for patients with motor dysfunction 
mainly rely on the knowledge and judgment of individual 
therapists. Additionally, the success of rehabilitation programs 
for chronic patients with severe hemiparesis remains limited. 
Patients with lack of volitional muscle activity are usually 
excluded from existing rehabilitation strategies because most 
of them rely on the existence of residual limb functionality 
(Daly et al., 2009). Recently, emerging biological technologies, 
such as stem cell therapy, have been applied to treat stroke. 
The therapeutic potential of stem cell therapy for stroke 
recovery, by improving neural regrowth and promoting brain 
plasticity, has been reviewed (Stem Cell Therapies as an 
Emerging Paradigm in Stroke Participants, 2009; Pekna et 
al., 2012). Stroke rehabilitation might be maximally effective 
by combining stem cell therapy with appropriate physical 
therapy to promote endogenous neural plasticity and improve 
behavioral outcomes (Hicks et al., 2007). The application 
of stem cells to reconstruct neural circuits after stroke is an 
important goal for motor function recovery. However, at 
present, substantial advances in understanding the basic 
physiology of stem cells are required before they can be 
routinely used to treat patients (Dihné et al., 2011).

With the introduction of intelligent technology in clinical 
settings, objective functional evaluation and effective 
treatments can be provided in real-time. Intell igent 
rehabilitation techniques, such as FES, neural circuit-magnetic 
stimulation, BCI, VR, and robot-assisted therapy show great 
potential for augmenting clinical rehabilitation. It should 
be emphasized that intelligent rehabilitation is currently 
an adjunct to rather than a substitute for conventional 
rehabilitation therapy. The combination of traditional 
rehabilitation therapies and intelligent therapies has the 
potential to enhance motor dysfunction rehabilitation 
and improve clinical efficiency. While some findings have 
highlighted the potential of intelligent rehabilitation 
treatments for motor dysfunction patients, there is currently 
no uniform standard or application guide for evaluation 
of treatment using intelligent rehabilitation technology. 
Improvements in signal acquisition hardware, validation, 
dissemination and reliability will promote the clinical 
application of rehabilitation technology. Well-designed 
studies with large numbers of participants that demonstrate 
superior efficacy for motor recovery are necessary to establish 
intelligence-based therapies as standard, integral therapeutic 
modalities in motor rehabilitation. Ongoing improvements of 
intelligent technology may open a door to routine clinical use. 
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