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Abstract

Currently, in connection with the advent of virtual reality (VR) technologies,
methods that recreate sensory sensations are rapidly developing. Under the condi-
tions of VR, which is an immersive environment, a variety of multimodal sensory
experiences can be obtained. It is urgent to create explicit immersive environments
that allow maximizing the full potential of VR technology. Activation of the
proprioceptive sensory system, coupled with the activation of the visual analyzer
system, allows you to achieve sensations of interaction with VR objects, identical
to the sensations of the real physical world. Today, the activation of proprioceptive
sensations is achieved using various devices, including robotic ones, which are not
available for use in routine medical practice. The immersive multisensory environ-
ment makes it possible to significantly personalize the rehabilitation process, ensur-
ing its continuity and effectiveness at various stages of the pathological process
and varying degrees of severity of physical disorders, while significantly reducing
the burden on the healthcare system by automating the rehabilitation process and
objectively assessing the effectiveness. Further development and increased avail-
ability of VR technologies and devices that allow achieving an increase in immer-
sion due to sensory immersion will be in great demand as a technology that allows
teaching patients motor skills.

Keywords: virtual reality, proprioception, neuroplasticity, physical rehabilitation,
habilitation

1. Introduction

Proprioception is the sensation of the position of body parts relative to each
other in space, both in statics and during their movement. The formation of pro-
prioceptive sensation occurs due to the activity of various receptor systems located
in the tissues of the human body, the largest number of which is in the muscular
system. Proprioception belongs to the somatosensory system and is traditionally
defined as sensory sensations of position, movement, or balance [1]. From this
position, proprioception is the awareness of the position or movement of our
body and its parts in space because of processing information from the receptors
of muscles, joints, tendons, and skin. This type of sensory sensation includes two
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components, the first of which arises in a static position, and the second appears
during movement and plays a decisive role in ensuring coordination of movements;
both are important in ensuring balance at rest, as well as during movement [2].

The proprioceptive system has a high degree of precision in registering changes
recorded by the receptor apparatus, more specifically, a change in the angle in a par-
ticular joint or in the mass of a held object. In the process of ontogenesis, the role of
proprioception as the dominant receptor system in sensory cognition of the external
world goes into second place relative to the visual analyzer, which in humans and
mammals acquires a dominant role. However, proprioception continues to be in high
demand in building a complete judgment about an external object, providing infor-
mation about its physical properties necessary to ensure effective interaction with this
object, which underlie more complex motor skills that are important for the forma-
tion of praxis. Proprioception is actively used as an afferent system for the formation
of biofeedback when adjusting the motor system to external conditions in the process
of performing a movement and object interaction at the level of the spatial field.

The use of devices for activating proprioceptive sensations as a way to increase
sensory immersion in VR or, in another way, to achieve a greater degree of immer-
sion, is one of the unresolved, but actively developing ways to expand the practical
application of VR. In VR conditions, sensory perception of reality only through the
visual analyzer does not provide the formation of a complete sensory sensation,
identical to physical interaction with objects, and cannot be used to implement
explicit interaction. It is precisely because of the difficulty of achieving such a qual-
ity of proprioceptive sensations, which would be identical to the sensations received
in the physical world, that modern VR systems are mostly implicit, and control in
them is implemented in surrogate ways that are not identical to the natural richness
of object sensations and the complexity of manipulating them.

At the moment, less attention is paid to the study of unimodal proprioceptive
information processing in statics or only when performing a movement than the
study of multisensory integration processes, with the participation of not only
the proprioceptive system, but also other sensory analyzers. Isolated activation of
the proprioceptive system is possible only when the visual analyzer is not func-
tioning, which is rarely observed under normal conditions. The close connection
between the proprioceptive system and the visual analyzer can be traced through
experiments on the formation of proprioceptive sensations, without directly
affecting the receptor apparatus. Manipulation of proprioceptive sensations is pos-
sible using a visual analyzer, as demonstrated in experiments on the use of mirror
therapy in the treatment of phantom pain after limb amputation due to various
reasons. In this case, through the information coming through the visual analyzer, it
is possible to achieve proprioceptive sensations, sensations of movement, as well as
a sense of touch in the complete absence of somatosensory stimuli.

This is evidence that proprioception is a complexly organized bodily sensation,
the formation of which can be influenced by the activation of the receptor appara-
tus of various sensory systems and, of course, primarily the visual analyzer.

2. Possibilities of using VR in physical rehabilitation

One of the main and important applications of VR is its use in the medical field
to provide various tasks of physical rehabilitation and habilitation.

The main goal of physical rehabilitation is to help a person return to a natural
state when performing daily activities by restoring damaged motor skills, as well
as if they cannot be completely restored, acquiring new ones that compensate for
those lost due to diseases of the musculoskeletal system (trauma, pathology of
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the muscular system) or the CNS vascular diseases and injuries. Also, significant
prospects for the use of VR are traced in patients with impaired formation of the
motor system in ontogenesis.

Research on the effectiveness of rehabilitation using VR technology appeared in
the mid-1990s.

Currently, there are several systematic reviews evaluating the clinical efficacy
of sensorimotor training in VR in restoring the function of the upper limbs and gait
after stroke [3-6].

Despite the fact that most often the study of the effectiveness of various meth-
ods of motor rehabilitation occurs on the example of such pathologies as acute
disorders of cerebral circulation and traumatic brain injury due to their widespread
prevalence, the study of the effectiveness of rehabilitation in other pathological
conditions using VR technology is also carried out. It should be noted that the
nature of movement disorders in various pathologies is accompanied by impair-
ments at various levels of its organization, therefore, modeling various motor tasks
under VR conditions allows one to obtain positive results on the restoration of
movement in patients with disorders such as infantile cerebral palsy and multiple
sclerosis, which are characterized by impaired organization of the motor system at
various levels from the cortical to the level of paleokinetic regulation (rubro-spinal)
[7]. However, these studies are sporadic and do not allow for a systematic analysis.

Thus, VR technology has significant prospects both in the rehabilitation of
patients with various dysfunctions of the CNS and musculoskeletal system in the
framework of restoration of function within the framework of physical rehabilita-
tion, and in the development of unformed motor skills in the process of solving the
problems of motor habilitation.

The first reason that makes VR a promising environment for solving a complex
of problems of physical habilitation and rehabilitation is that VR can be used to
ensure interaction with the outside world by patients with pronounced motor or
other limitations [8]. The second important factor is that the VR environment and
interaction with its objects can be adapted to the patient’s existing physical defect,
achieving significant personalization, which, accordingly, will contribute to the
achievement of a more significant effect of rehabilitation or habilitation.

According to the data obtained when assessing the effectiveness of restoration of
the motor function of the upper limb in patients after acute cerebrovascular accident
in comparison with the group of patients receiving only traditional methods of motor
rehabilitation, the use of VR rehabilitation showed great effects both in the short and
relatively long term (for example, 3 months after the onset of pathology) [9].

A significant advantage of using VR is the ability to automate the rehabilitation
process, use the autotune of exercises, obtain objective analytics in the rehabilita-
tion process, and reduce the burden on rehabilitators. If we consider VR from
this side, then it can be characterized as a technology that is an interface between
the user and various technical devices, which makes it possible to simulate a wide
variety of rehabilitation or habilitation environments, which is necessary to solve
a whole range of tasks, allowing the rehabilitated to interact with objects of the VR
environment through a variety of sensory channels.

Thus, the main tasks and prospects of using VR are quite clear, but at the same
time they have some limitations in achieving these advantages, relative to tradi-
tional methods of physical rehabilitation or habilitation.

New approaches to rehabilitation, habilitation or training emerging on the basis
of VR are based on the latest technological advances, including the use of robotic
devices, tactile interfaces, and brain-computer interfaces. So, the variety of techni-
cal devices allows you to more effectively use the capabilities of VR, as an interface
between the patient and the outside world, in which you can simulate various
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conditions and tasks, thus achieving a personalized approach to solving rehabilita-
tion problems [10]. In addition to restoring motor skills, VR can be considered as a
tool in the treatment of cognitive impairments of various origins, in the treatment
of post-traumatic stress disorder, as well as various pain syndromes. One of the
promising options for the use of VR is its use in the study of the ontogeny of the
nervous system, which will be extremely necessary for understanding the forma-
tion of a pathological process, since any pathology in the context of ontogeny can
be considered as regressive development, i.e. return to earlier stages of the existence
and functioning of the CNS as a whole or its individual components [11]. In this
regard, it is extremely important to provide neuro-feedback, preferably multisen-
sory, primarily through the visual and proprioceptive sensory channels, because
the formation of motor skills without these sensory systems is not possible. In
several studies on the adaptation of the motor system after the demonstrated visual
inconsistency of movements in VR to movements in the real physical world, it was
found that the activity of the visual-motor connection in children is higher than in
adolescents and adults, since such adaptation to motor activity in real in the physi-
cal world, after such a demonstration in children, it was much slower [12, 13]. Over
time, as they grow older, this connection weakens, but obviously, only because of
functional restructuring, and not anatomical, therefore, in a saturated immersive
environment, you can get the results of visual-motor interaction, which are not
always achievable in the physical world. Thus, a separate study of the motor system,
as well as its functioning in health and disease, without connection with sensory
systems, is inappropriate and incorrect from a physiological point of view.

VR technology can be used to provide a meaningful and effective impact on
various human sensory systems; it also provides significant opportunities for
modeling their functioning to compensate for lost sensory and motor functions.
Now, the most technically simple VR systems are with implicit interaction with VR
objects. These VR environments allow the person to be rehabilitated to act as a pas-
sive observer of the displayed content, while interaction occurs through the visual
and auditory channel. Some expansion of the application of this technology occurs
due to the use of various manipulators or joysticks, while the interaction with VR
objects acquires the features of explicit interaction, however, the manipulation of
VR objects with the use of these VR devices by objects is surrogate in nature, not
giving the fullness of physical sensations.

The main problem in this interaction is the absence of physical sensations provided
by the proprioceptive system, namely, the feeling of weight, density of an object,
position in space. The importance of these sensations in the process of rehabilitation
or habilitation lies in the fact that most of the movements performed by a person are
the result of the functioning of the proprioceptive system, which ensures all their
diversity and successful performance, regardless of external and internal factors.
Thus, locomotor activity, devoid of fine tuning, provided by biofeedback based on
the proprioceptive system, becomes less effective, and in some situations it is simply
impossible, for example, walking at night or interacting with an object in three-
dimensional space in the absence of visual control in patients with afferent paresis in
the hand. An exception is interaction with objects in three-dimensional space, which
is provided by cortical motor centers and the corresponding centers of praxis, in the
implementation of which the visual analyzer has an equal or more significant role.

3. Prospects for VR in motor rehabilitation

Understanding the importance of ensuring the formation of proprioceptive
sensations, when solving a range of physical rehabilitation tasks, is also based on a
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more intense activation of neuroplasticity processes when performing motor tasks
with multisensory and, first of all, proprioceptive reinforcement, demonstrated in
anumber of experiments both on biological models and in patients with different
pathology. The formation of biofeedback stimulates the processes of neurogenesis
and neuroplasticity, due to the formation of new interneuronal connections,
initially of a functional nature, but subsequently fixed at the structural level due to
the activation of latent connections between individual functional structures of the
CNS. That is why VR is an ideal immersive environment that makes it possible to
maximally activate the processes of neuroplasticity for more effective recovery of
not only motor, but also cognitive impairments in patients with damage to the CNS
of various origins.

Learning how to perform new skills within the framework of solving motor
tasks modeled in VR is of decisive importance for inducing neuroplasticity pro-
cesses, and as a result, contributes to a more effective restoration of impaired
functions due to various injuries of the CNS or the musculoskeletal system. The
immersive environment created in VR is a particularly effective tool for carrying
out tasks of interacting with objects in three-dimensional space. The restoration of
this level of motor function is especially important in increasing the independence
of patients with motor defects of varying severity, which is one of the ultimate
goals of motor rehabilitation or habilitation. Additional technical capabilities in
the form of using various sensors, telemetry during training in VR allow a detailed
analysis of the motor activity of the rehabilitated person, which can serve as initial
data for the formation of a recommendation system to increase the effectiveness of
the rehabilitation process, or to adapt exercises during the rehabilitation process,
for example, by gradually complicating them. Implementation, not allowing the
rehabilitated person to lose interest and motivation to practice.

For example, today there is many studies that formed the basis of several
publications demonstrating the effectiveness of restoration of upper limb func-
tions in patients after acute cerebrovascular accident when using exercises
with VR [14].

However, these studies were based only on clinical data carried out in patients
in the late rehabilitation period after suffering acute cerebrovascular accident. At
the same time, the high safety and effectiveness of such exercises in VR suggests
that the use of virtual reality will also be effective in patients in the acute period,
after acute cerebrovascular accident. Such results regarding the use of implicit
multimodal VR with visual and proprioceptive confirmation of walking have been
demonstrated in a study on the restoration of lower limb function in patients in the
acute period of stroke Figures1and 2 [15].

One of the reasons underlying the effectiveness of using VR as a method for
restoring motor function is the ability to model new motor tasks that make the
rehabilitation process more interesting, increasing the motivation of patients for
further exercises [16].

VR can be used for multimodal sensory impact on the rehabilitated person.

The addition of multimodal sensory reinforcements after performing the required
interactions with virtual objects made it possible to use VR in a wide variety of
areas, and it also significantly increases the potential for using this immersive
environment in motor rehabilitation. Solving the problems of motor rehabilitation,
using personalized, motor training, has a more significant impact on the processes
of neuroplasticity than implicit or extra-contextual interaction with objects of the
VR environment. For example, according to fMRI data, this method demonstrates
a higher degree of activation of the motor cortex when performing specific motor
tasks and when solving the problem of restoring motor disorders in patients after a
stroke [17].
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Figure 1.

ReviVR rehabilitation walk simulator.

Figure 2.
First-person view in ReviVR rehabilitation walk simulator.

The data of objective methods for assessing changes in the activity of the cere-
bral cortex demonstrate the relationship between the specificity of the performed
motor task and the degree of activation of neuroplastic changes.

Visual-motor and proprioceptive feedback, implemented in VR, provides
realistic, up-to-date information during the rehabilitation exercise. It is realism and
maximum proximity to physical sensations that are the most important factors that
activate neuroplastic processes in the central nervous system (CNS).

Visual information, which is the most powerful sensory signal that is activated
in the immersive environment, is a modeling factor for the reorganization of senso-
rimotor connections. For example, errors demonstrated during visual accompani-
ment of motor tasks performed in VR affect the motor and premotor cortex during
motor learning, changing the activity of these zones [18-22].
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Active and rewarding exercises (by demonstrating the progress of the per-
formed exercise or another method) within the framework of the performed
rehabilitation tasks can significantly enhance biofeedback, leading to a significant
decrease in the number of errors in the restored movements, i.e. making them more
energy efficient and accurate. According to fMRI data, at this moment there is a
significant activation of the motor and premotor regions of the frontal cortex of the
brain [23].

The very observation and subsequent ideomotor presentation of this movement
leads to a significant facilitation of the formation of motor evoked potential and
increases intercortical interactions in the motor and premotor regions [24-27].

It should be noted that the implementation of all this activation of the motor
areas through exposure, for example, on the visual analyzer, becomes possible due
to the proven numerous intrahemispheric corticocortical connections [28, 29].
These connections combine the visual cortex with the motor, premotor, parietal,
and frontal lobes into a single functional system [30-34]. At the same time, there is
a large number of experimental studies that demonstrate that a significant number
of neurons in the motor, premotor and parietal regions can be modulated by the
activity of the visual cortex of the brain [35-39].

Moreover, in contrast to proprioception, the activation of which in the physical
world is necessarily associated with active or passive movements of the limbs, visual
neurofeedback in VR can be provided independently of the fact of movement, for
example, by simply demonstrating it. Also, it is interesting that the demonstration
of this movement can be significantly changed and, most importantly, it can be
completed to its full volume, regardless of the initial motor activity of the person
being rehabilitated [40].

Thus, visual biofeedback allows modulation of the motor system, without
the need for active or passive movements. The visual system has a high degree of
reliability and specificity in the implementation of this biofeedback, because visual
afferentation predominates over other sensory modalities, such as proprioceptive or
auditory, and is used by a person more effectively in everyday activities [41].

An additional, but important rationale for the advisability of using the visual
cortex as a sensory input for modulating motor function is that during an acute
cerebrovascular accident, it is not damaged simultaneously with the motor or pre-
motor cortex, due to their location in different blood supply basins of the brain, but
namely carotid and vertebrobasilar. For acute cerebrovascular accident, in the first
episode, the defeat of two pools is not a common manifestation of the disease. The
defeat of the cortical representation of the visual analyzer in the form of hemianop-
sia and contralateral hemiplegia is observed only in the villous artery syndrome, but
the preservation of the opposite visual fields allows using the VR environment for
rehabilitation exercises.

Thus, VR allows the user to receive multimodal sensory information, which
can cause a real sense of presence and provide cognitive, sensory and emotional
immersion in the formed rehabilitation task, which has varying degrees of
complexity [42-44].

The use of VR makes it possible to implement various modifications of the dis-
played object or its movement, highlighting it against the general background, for
example, by changing the color, brightness or its shape. This opportunity allows the
patient to focus on the target elements of the rehabilitation exercise, enhancing his
motivation. With the help of VR, it is possible to achieve modeling of the conditions
that in traditional therapy are carried out by limiting the movement of a hand that
does not have motor impairments due to stroke, through its fixation to the trunk.

To implement this type of therapy in VR, one can ignore the activity of a healthy
limb (recorded by telemetry or contact sensors: electromyography, accelerometers,
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etc.) and not provide visual information regarding its movement [4, 14, 45-47].
Additional opportunities are provided by the use of the “brain-computer” inter-
face based on the motor imagery paradigm and the P300, the use of which allows
visualizing the movement of a limb with motor impairments when activity appears
according to electroencephalography or functional near-infrared spectroscopy
data recorded globally, with all scalp surface of the head, or only in specified areas,
which are a projection onto the scalp surface of the head of the motor or premotor
areas of the cerebral cortex. For example, the target signal can be used for classifica-
tion within the brain-computer interface in the contralateral motor or premotor
cortex, which may slow down the rate of onset of the “rehabilitation plateau” and
increase the rehabilitation potential in patients with CNS pathology.

In the detected functional improvements obtained as a result of motor reha-
bilitation, sensorimotor activation was observed not only in the contralateral
hemisphere, but also in the ipsilateral hemisphere, which indicated the activation of
latent connections that were not active before the start of the rehabilitation mea-
sures [48-50]. The ongoing rehabilitation in VR and the progress obtained with it in
the restoration of motor function are primarily associated not with the compensa-
tion of movements, which is the result of maladaptation, but with the restoration of
motor function due to the activation of neuroplasticity processes in the motor and
premotor cortex of the brain [51].

4. The current difficulties of using multisensor VR

Even though VR provides many unique advantages over traditional or new
rehabilitation approaches, there are limitations to its widespread practical use as a
routine rehabilitation method.

First, there is currently no sufficient evidence base for clinical studies that
would demonstrate the unambiguous effectiveness of using VR in sensorimotor
rehabilitation in various clinical groups in comparison with various traditional
methods of motor rehabilitation. In addition, there is still quite a bit of informa-
tion regarding the possibility of replacing physical exercises only with classes in
virtual reality, namely, how interchangeable, and acceptable it is for short-term
and long-term results of motor rehabilitation. That is why it is still impossible to
say unambiguously how high the advantages of sensorimotor rehabilitation in VR
are relative to those in the real physical world. Thus, all these questions justify the
need to continue research in the field of studying the possibility of expanding the
use of VR, as well as studying the short-term and long-term effectiveness of using
VR in sensorimotor or cognitive rehabilitation, by accumulating a clinical base and
obtaining the possibility of conducting a meta-analysis of research data to achieve
the maximum high level of evidence. And although nowadays there are several
studies in which attempts have been made to solve these problems, rehabilitation
using VR technology continues to be considered only as an adjuvant method of
sensorimotor and cognitive rehabilitation [5, 52].

The second important reason for the difficulty in the routine use of rehabilita-
tion in VR is the relative high cost of equipment for using these systems as a method
of rehabilitation within the framework of the telemedicine concept. A few years
ago, the equipment needed to simulate VR, making it difficult to use for more than
40 minutes due to the heavy weight of the VR helmet, has become much more
convenient today, because there has been an abrupt growth in the number of manu-
facturers of these technical devices offering more and more comfortable products
for use.
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5. Neuropasticity and VR

According to data obtained on biological models that allow studying the pro-
cesses of neuroplasticity, the lack of stimulation of the motor cortex during the
“critical period”, which usually corresponds to an acute state after damage of any
genesis, leads to the loss of corticospinal synaptic connections [53], while stimula-
tion motor cortical networks in the same “critical period” may contribute to the
partial restoration of some of these lost connections [54]. Long-term lack of stimu-
lation of the motor cortex in the acute period after injury ultimately leads to the
consolidation of existing changes that will prevent further restoration of function.

The key component of the theory of neuroplasticity activation is the dynamic
nature of changes in neural connections during motor rehabilitation using VR
technology, which can be adapted to the individual needs of the person being
rehabilitated, providing a personalized approach to sensorimotor and cognitive
rehabilitation.

Some studies demonstrate rich intrahemispheric cortical-cortical connections
that link the occipital, parietal and frontal cortex [32, 33, 55]. Moreover, individual
studies demonstrate that a significant number of motor neurons in the premotor
and motor cortical areas are modulated by visual information [35, 37-39], suggest-
ing that visual information can be a powerful signal for functional reorganization
of sensorimotor connections.

The main parameters through which the processes of neuroplasticity can be acti-
vated, and which can be influenced when the immersive environment is formed, are
visualized movement, biofeedback, motivation and learning through observation.

Rehabilitation measures in VR can also contribute to the process of functional
reorganization in the CNS due to the activation of neuroplasticity processes.

The possibility of obtaining a significant rehabilitation result is achievable only
with a long training process, because the formation of new skills, which is due to
the activation of the processes of synaptogenesis or Hebb learning, as well as other
mechanisms of neuroplasticity, does not give an immediate stable result, since sta-
bilization requires subsequent reinforcement in order to stimulate the transition of
interneuronal interaction from functional to morphologically fixed changes [56, 57].

Thus, in an immersive environment, it is quite easy to set the proper volume of
tasks to be performed and combine them with secondary cognitive tasks, making
the performance of a motor task interesting due to diversity, increasing the motiva-
tion of the person being rehabilitated for a long rehabilitation process [58].

Studies on biological models have demonstrated that the intensity and duration
of physical exercise is one of the determining factors that have a significant impact
on neuroplastic changes during rehabilitation [59]. For example, changes at the
synaptic level in a biological experiment occurred after the animal was exposed
to thousands of repetitions of a given task over a short period of time, i.e. 12,000
repetitions over 2-3 days [60, 61].

Also, it was noted that patients with CNS disease receiving rehabilitation on this
occasion require more and more intensity of physical exercises in order to achieve
positive results in restoring physical function, in comparison with the process of
developing new motor skills in healthy people [62]. The duration of rehabilitation
sessions to achieve positive effects in the restoration of function, for example, the
upper limb, after a stroke also depends on the stage of stroke: from 1-2 hours in
the acute stage [63] and up to 10-20 repetitions per training in the chronic stage of
stroke [64]. At the same time, it is implied that during the entire time of the train-
ing, it is required to maintain a high level of motivation to achieve a positive result
and maintain it throughout the entire course of rehabilitation.
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The flexibility of most VR applications suggests that learning in a meaningful,
enriched environment can be started earlier in recovery from an emerging CNS dis-
ease, such as a traumatic brain injury, compared to conventional exercise. An early
start increases the rehabilitation potential by influencing neuroplastic processes and
ensuring the activation of latent connections and cortical structures, which is also
necessary to prevent the onset and progression of functional maladaptive processes.
The same statement is relevant for patients with acute cerebrovascular accident,
where verticalization in the first days after a stroke is limited due to pronounced
concomitant pathology, which is usually the cause of the stroke, or the severity of
the patient’s movement disorders.

The possibility of automating the rehabilitation process in VR makes training
more accessible for patients, and in the future can be used in telemedicine [65].

The hypothesis underlying the substantiation of the effectiveness of motor
rehabilitation says that the success of motor learning occurs only at the moment
of the maximum approximation of the rehabilitation exercise to real motor skills,
which the rehabilitated person will use in the future in the real physical world, as
well as when using neuro-feedback [57, 66].

In addition to using a simulated VR environment to restore basic movements or
simple functions necessary to perform everyday household tasks, VR can become
a training platform for developing patients’ skills in using various means of indi-
vidual rehabilitation, for example, for teaching the use of a motorized wheelchair or
driving a car, etc. [67].

6. Implementation of neurofeedback in VR

Optimization of training and an increase in its effectiveness arises with the
meaningfulness of the exercises performed and their optimal complication [58]. As
arule, only one repetition for training is not enough, since the formation of a motor
skill occurs because of multiple repetitions with their use in solving real physical
motion problems [68, 69]. For this, it is necessary to achieve an optimal combina-
tion of cognitive efforts required by the patient to solve motor problems during
repetition of movements, and the complexity of the rehabilitation task.

The use of neuro-feedback contributes to an increase in the activation of
structures that are usually not involved in the implementation of the performed
movement in the norm. For example, in experiments on healthy subjects, it was
demonstrated that the addition of neuro-feedback when performing a movement
in VR leads to a more significant activation of the contrateral sensorimotor cortex
according to the motor evoked potential [40]. In studies conducted in patients with
hemiplegic infantile cerebral palsy, VR rehabilitation has demonstrated bilateral
activation of the sensorimotor cortex and ipsilateral activation of the premotor
cortex. After the completion of rehabilitation, bilateral activation disappeared,
and the contralateral sensorimotor cortex continued to maintain a high level of
activity [70].

Increasing the efficiency of neuro-feedback through the use of sensory channels
is the most promising way to increase the possibility of motor learning using VR
and ensure sufficient cognitive immersion in the VR environment.

The effectiveness of neuro-feedback can be assessed by such a parameter as
productivity, which characterizes the quality of the movement performed by a
person. The neural feedback obtained directly in the process of performing a reha-
bilitation exercise to restore motor function, after the completed rehabilitation task,
can act as a criterion for evaluating the effectiveness. Some studies demonstrate
that the enhancement of neurofeedback has an additional value in increasing the
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effectiveness of motor rehabilitation in patients after acute cerebrovascular accident
[71]. At the same time, the direct implementation of neuro-feedback in the process
of performing the rehabilitation task will be more promising, because on the basis
of this approach, it is possible not only to visualize the performed movement and its
quality, but also to carry out additional motivation of the patient by, for example,
completing the construction of the full range of motion with a pronounced motor
deficit in paralyzed limbs, or visualizing such a movement, which is the patient’s in
principle unable to perform (such as walking or running).

Perhaps, in some cases, this will cause a certain dissonance between real pro-
prioceptive sensations and visual information provided to the rehabilitated person.
However, in the end it will be perceived by the subject only from the positive side,
since will allow him to demonstrate his independence and the ability to perform
all the same actions without taking into account the existing disabling state. Such
additional motivation will lead to the fact that the person being rehabilitated will be
more motivationally involved in the process of restoring motor function, which will
lead to better results in restoring motor function both in the short and long term.

As a complement to neuro-feedback, mainly implemented through the visual
analyzer, VR provides the ability to use auditory and proprioceptive feedback, which
are intuitively interpreted and implemented in real time, but with increased accu-
racy and consistency compared to the stimuli available in the physical world [4, 72].

The use of this technology as a supplement to visual information in an immer-
sive environment through the activation of additional sensory systems also makes
it possible to increase the degree of cognitive and emotional immersion in the VR
environment and the task performed in it. This is especially in demand in patients
with a certain damage to one or another sensory system at a different level from the
peripheral part of the sensory analyzer to the cortical representation. It does not
matter whether this damage arose because of a real disease, was acquired by the
patient earlier, or was congenital. Thus, it is possible to achieve a more complete
sensory saturation and get the maximum effect on the motor and premotor regions
of the frontal and parietal lobes of the cerebral cortex.

These effects make it possible to neutralize sensory deprivation, which is
observed in a patient after a pathological condition has arisen with gross damage
to the CNS and manifests itself in pronounced motor disorders. Such patients are
usually bedridden or wheelchair-bound and do not receive in full all those sensory
sensations that a person experiences while freely moving in the physical world
without physical limitations. Long-term sensory deprivation ultimately leads to
neurotransmitter rearrangements, the clinical manifestation of which may be not
only difficulty in restoring stato-locomotor function, but also the development of
cognitive and emotional-volitional disorders.

Thus, rehabilitation measures, which are based on the activation of neuroplas-
tic processes in the CNS after its damage, can be sufficiently fully modeled in an
immersive environment, and multisensory neuro-feedback allows us to model the
process of interaction with the VR environment as realistic and efficient as possible,
which will contribute to solving most tasks.

7. Additional prospects for using VR

Also, it should be noted that the concept of motor learning forms the basis for
the scientific substantiation of the integration of vocational training into rehabilita-
tion practice, which will expand the possibilities of social adaptation of patients
with a disabling disease, will contribute to their subsequent professional integration
through training in professional activities, taking into account the existing motor or
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sensory deficit. This concept makes it possible to use VR to model specific condi-
tions for teaching patients with movement disorders for their subsequent profes-
sional integration into society.

Today this problem is quite urgent, since any professional training is primarily
focused on patients with intact motor impairments or their minimal severity.

In the context of the wide possibilities of VR for modeling a wide variety of con-
ditions and tasks using various sensory channels, it can be assumed that its use will
be in demand for the rapid formation of the necessary environment, which allows to
restore not only any lost skill due to the developed disease, but also for the training
of professional skills in patients with pre-existing movement or other disabilities.

An important factor influencing the improvement of the effectiveness of
rehabilitation in VR is the possibility of its use as remote rehabilitation within the
framework of the telemedicine concept.

Such a combination is possible only in conditions where a clear assessment of
biometrics is available, which of course is possible in VR. The use of artificial intelli-
gence algorithms will allow automating the process of motor rehabilitation, taking
into account the initial personified clinical data.

Effective approaches to rehabilitation should include targeted training, indi-
vidual feedback based on multisensory interaction, an individual exercise schedule,
a fairly long and frequent repetition of motor exercises, exciting game scenarios,
individual rehabilitation programs taking into account the characteristics of motor
deficits and individual preferences of the person being rehabilitated [73].

Attention should be paid to the need to further form the evidence base for
assessing the effects of rehabilitation in VR and the contribution of individual
elements that form neuro-feedback through various sensory channels and primarily
through the proprioceptive channel, which allows the formation of explicit interac-
tion with VR objects, identical to the interaction with physical objects [74-76].

8. Conclusion

The spread of the use of VR in rehabilitation practice is determined by numer-
ous factors, including the technical availability of equipment and software, the
possibility of creating personalized rehabilitation exercises to achieve a higher
rehabilitation effect.

The use of a multisensory component in the implementation of neuro-
teedback allows one to achieve potentially better results in motor rehabilitation.
Proprioception, as one of the components of such neuro-feedback, is the most
promising way of forming sensations that are as close as possible to natural sensa-
tions obtained during physical contact with objects of the real world.

It is possible to single out the factors that determine the more effective use of VR
for solving various rehabilitation tasks: immersivity, neuro-feedback, the possibil-
ity of multiple repetition of a motor task with visualization of such a movement,
the use of artificial intelligence and mathematical models on the basis of which
the movement is visualized, taking into account all the richness of kinematics
and synergy of such movements, as well as the possibility of objective continuous
monitoring of the entire rehabilitation process.

The use of devices that create proprioceptive sensations upon contact with VR
objects make it possible to count on obtaining explicit VR environments, which will
have a much wider range of users. This gives reason to count on achieving maximum
efficiency in the restoration of motor functions during the rehabilitation and habilita-
tion of patients with various functional disorders, both as a result of acquired pathol-
ogy and as a result of disorders that have arisen at various stages of ontogenesis.
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It is extremely important today to form a complete understanding of how
different sensory and tactile manipulations in VR affect the dynamics of various
processes in the CNS, since the study of this issue will reveal the full potential of
rehabilitation through VR.

One of the important, unsolved problem, possibly allowing to reveal the full
potential of rehabilitation, is the formation of a complete understanding of how
different sensory influences in VR affect the dynamics of various processes in the
central nervous system, including the dynamics of sensorimotor connections.
Understanding of this effect will make it possible to achieve greater personalization
of the rehabilitation process, not only based on the severity of a motor defect, but
also considering functional disorders in a complex, multicomponent, hierarchically
arranged motor system.
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