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Abstract:

Vertigo is a debilitating symptom, leading to increased healthcare utilization and lost
patient productivity. Vestibular rehabilitation is used to manage the symptomatic
manifestations of vestibular disease. However, vestibular rehabilitation is limited by
accessibility and time commitment. Recently, virtual reality has been described as a
vestibular rehabilitation tool that may circumvent these barriers to treatment. Despite this,
the efficacy of virtual reality for vestibular rehabilitation remains unclear.
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Introduction:

Virtual reality (VR) is an interface between humans and computers, which includes real-time
simulation and interaction through various sensory channels, such as vision, hearing, touch,
smell, and taste (1). This advanced form of a human-computer interface allows the user to

interact with and become immersed in a computer-generated environment in a naturalistic

fashion (2).

VR immersion is the perception of one’s physical existence in a non-physical world. This
perception is created by surrounding the VR system user with visual, sound or tactile stimuli that

provide an immersive environment (3).

VR consists of a simulated experience of a natural or imagery environment that may or may
not resemble a life-like experience. VR-based technology consists of implementing VR using
multimedia devices to allow individuals to interact with a VR environment. VR devices are
essentially made of a multimedia displays (spherical, flat screen or head-mounted) that provides
sensory information to the user (including visual, auditory and tactile information) and a control

device that collects the user’s actions (including motions, gestures, and speech) (4).

Principle:

Tob Regul Sci.™ 2023 ;9 (1): 8997 - 9006 8997



Ebtessam Hamed Nada et.al

.Virtual reality technology as a tool for vestibular rehabilitation

Virtual reality’s utility in the treatment of vestibular dysfunction lies in the possibility of
achieving improved habituation, substitution, and adaptation through a more motivated
vestibular rehabilitation (5).

The neuroanatomical connection of the retina with the vestibular processing areas of the
brain supports the usage of VR in VRT. The cortical (e.g., insular cortex) and subcortical (e.g.,
vestibular nuclei) vestibular brain regions are multisensory and respond to both visual and
physical stimuli (head or body movement). Potentials generated by visual input to the retina are
transmitted to brain regions associated with the vestibular system and may affect neural activity
in the vestibular system with further stimulation of vestibular modulation (6).

Also, the virtual environment created by VR technology can promote the illusion of bodily
movement, increase immersion to enhance the activation of motor brain regions, mobilize the
changes of brain neural plasticity, reconstruct the synapses of nervous system cells, and directly
train the central nervous system (7).

According to Garcia et al (8), VR allows modification of environmental perception by
applying a fake stimulus, creating a sensory conflict and changing the gain of vestibulo-ocular
reflexes. It was observed that repetitive movements of an image on the retina by virtual reality
devices capable of controlling visual stimuli might induce visual adaptations of vestibular
responses, adjusting the vestibulo-ocular and vestibulospinal reflexes involved in body control
and balance strategies.

Clinical utility of VR systems:

This technology is increasingly being used in medicine as an element of therapy. VR is used
as an aid in physical rehabilitation after stroke, in Alzheimer disease, in Parkinson disease, for
analgesic treatment of burns, in psychological therapies and in treating post-traumatic stress
disorder. The benefits of using VR have also been increasingly reported for treating children with
autism spectrum disorders (9) and in the rehabilitation of cerebral palsy (10)

Likewise, vestibular rehabilitation based on VR systems proved to be an effective
treatment modality for mild traumatic brain injury, in treating persistent unsteadiness in
vestibular disorders (e.g. acute vestibular neuritis and Meniere’s disease), in gaze stabilization

exercise training in UVH patients and in desensitizing patients to diverse disorienting visual
stimuli (11).

Additionally, the use of VR may be beneficial for addressing the vision-related symptoms
and restriction in head movement caused by vestibular disorders. Recovery of the gain of the
VOR requires visual inputs and active head movement, both of which can be encouraged and
monitored with the use of virtual reality. VR technology could be classified according to the
degree of immersion in the VR environment (generated by the VR device) into the non-
immersive (traditional computer screen or tablet), semi-immersive (large 3D screen), and fully-

immersive VR environments (360° screens or head-mounted displays (HMDs)) (12).

The degree of immersion depends on the level of isolation from the physical world that the
VR environment offers to the user. A fully immersive VR can be achieved by combining
computers, HMDs, body tracking sensors, specialized interface devices and real-time graphics to

Tob Regul Sci.™ 2023 ;9 (1): 8997 - 9006 8998



Ebtessam Hamed Nada et.al

.Virtual reality technology as a tool for vestibular rehabilitation

immerse a participant in a computer-generated simulated world that changes in a natural way
with head and body motion. Conversely, non-immersive or semi-immersive VR (using
computers and console game systems) involves the simultaneous perception of both natural and
virtual worlds (4).

Two main types of virtual reality systems have been investigated in patients with vestibular
pathology: high-end systems consisting of HMDs and wide field of vision, and off-the-shelf
systems including Nintendo Wii®, Microsoft Kinect®, and Hybrid systems (13).

1-High-end systems: They let the user totally immerse in computer generated world. These
systems support a stereoscopic view of the scene according to the user’s position and orientation
and may be enhanced by audio, tactile and sensory inter-faces (14). In addition, these systems are
highly flexible so the therapist can control and adapt delivery of stimuli. Also, they allow for
precise measurement of motion and postural stability. There are two basic types of high-end
systems, head-mounted displays and wide field of view (13).

A) Head-mounted displays (HMDs):

HMDs provide a fully immersive experience. For each eye, an HMD is composed of a
modulated light source with drive electronics viewed through an optical system (combined with a
housing), which mounted on a user’s head via a headband or a helmet. They provide high-
resolution images that mimic the user’s movements. HMD allows individuals to move, walk
around, turn in different directions, interact, and react to virtual events within the virtual
environment through three-dimensional head and hand tracking using the headset and
controllers, all of which may enhance gait and balance outcomes (15).

Recently introduced VR headsets such as the Oculus Meta Quest Pro (Meta Technologies
LLC, USA ) or Apple Vision Pro (Apple Inc., USA) are equipped with infrared cameras that
track eye movement similarly to the cameras in videonystagmography googles (16). Future
studies could include monitoring eye-movement patterns through such cameras which might
improve the overall sensitivity and specificity of the VR equipment. Furthermore, integration of
eye-tracking and artificial intelligence into the VR software could aid in monitoring of patients
with neurodegenerative diseases (17).

Cybersickness and simulator sickness are common consequences of using HMDs because of
the sensory mismatch theory. The discrepancy in movement perception between proprioceptive
and visual modalities can lead to effects like motion sickness. It is common for users of HMDs to
complain of eyestrain, blurred vision, headache, nausea and short-term changes in

binocular vision (18).

The Balance Rehabilitation Unit (BRU) is a system that utilizes HMD and foam to test the
sensory contributions to balance. The BRU consists of a force platform, a head mounted display
(HMD), an overhead safety harness, and a foam cushion (19). Alahmari etal. (20) compared
VR-assisted dynamic posturography BRU with conventional dynamic posturography. For this
comparison, they used the Center of Pressure (COP) parameters, which are derived from force-
plate sensors and the conventional Sensory Organization Test (SOT)result. They found that the
COP area and sway velocity correlated with the measurement of the SOT.
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Currently, de la O-Gémez et al (21) demonstrated the efficacy of the BRU system of
rehabilitation in patients with unilateral peripheral vestibular disorders as compared to
conventional vestibular rehabilitation therapy, which is essential for enhancing patient outcomes.
Comparing the BRU technology to supervised conventional therapy revealed its efficacy and the
benefits of using the BRU system in motivating patients and encouraging their confidence to
improve treatment adherence and reduce symptoms.

Recently, Nehrujee et al. (22) developed the VEstibular GAming System (VEGAS),
consisting of a smartphone-based 3D virtual reality headset (Convergence VR Tech Labs Pvt.
Ltd.) and two games with graded levels of difficulty that utilize optokinetic stimulation and
discrete head movements in the pitch and yaw planes to achieve rehabilitation. This system was
shaped to be useable and safe to use in patients with unilateral vestibular dysfunction.

Similarly, Heffernan et al (23) concluded two VR mobile racing games. These video
games replicated both habituation and gaze stabilization exercises that could be effective
adjunctive therapies to vestibular rehabilitation.

B) Wide field of view (FOV) systems:

Wide field of view (FOV) systems are screen-based projection devices. The original wide
FOV system (cave automatic virtual environment, CAVE) was created as a small room where
each wall is a rear-projected screen.  The Balance Near Automatic Virtual Environment
(BNAVE) is a wide FOV projection-based immersive display system that was developed to
investigate the multisensory interactions in postural control. It consists of three rear -projected
screens on which images are synchronized and controlled by a network server. When the viewer
is standing at the average expected viewing position, the BNAVE display fills all of the 180-
degree horizontal field of view and 95-degrees of the vertical field of view (24)

The advantages of wide FOV systems are their ability to provide motion cues in the
periphery, which can result in a greater sense of self-movement, compared with more limited
FOV devices and the users can see their body parts in relation to the virtual environment. Also,
Wide FOV systems are the systems of choice to avoid the simulator sickness that is common
with HMDs. Although the space required and cost make these systems impractical for clinical
use, their wide FOV allow research laboratories to investigate how different motion cues affect
balance and vestibular rehabilitation (13).

2- Off the Shelf Systems (exergames):

Exergaming (game-based exercise) are defined as computer games combining active physical
exercise with game-play. This technology uses accelerometry and video camera-mediated motion
detection to track players’ movements and converts them into gaming commands. Exergame
devices are controlled using a broad variety of sensor systems and depending on the source of
input, different algorithms are needed for game control and feedback. Exergaming devices have
several advantages as they can motivate people to practice, and the users can train both cognitive
and motor skills by performing dual tasks. Additionally, the focus of attention is not on the
movements itself, but on the outcome of the movements in the game (25).

Tob Regul Sci.™ 2023 ;9 (1): 8997 - 9006 9000



Ebtessam Hamed Nada et.al

.Virtual reality technology as a tool for vestibular rehabilitation

Commercially available video games such as Wii© (Nintendo Co. Ltd., Kyoto, Japan),
PlayStation Move© (Sony Corp, Tokyo, Japan), and Kinect© (Microsoft, Redmond, WA, USA)
had been emerged. Many clinics are adopting the use of these off-the-shelf devices for exercise,
social interaction and rehabilitation because they are affordable, accessible and can be used within
the clinic and home (26).

2-A: Nintendo Wii:

The Nintendo Wii® was one of the first commercially available interactive consoles. This
was because of being easy to learn and use. The Nintendo Wii® is able to track spatial
movements through sensors between the console/sensor bar and handheld controllers to feature
into game play. Nintendo Wii Fit® was introduced in 2008, as an initiative to provide fitness

into the video games field (27).

The Nintendo Wii Fit balance program provides a novel adaptive option to traditional
balance training modes of exercise, which is attractive to individuals of all ages. Recently,
Nintendo introduced a new interactive platform game, Wii Fit Plus, which was designed to
provide multiple modes of exercise (28).

2-B: Microsoft Kinect:

A recent development in the field of exergames is the XBOX 360 Kinect (Microsoft corp.,
Redmond, WA). Kinect- based VR training includes auditory and visual stimulation, feedback
information about “winning” or “losing” and repetitions of the same motion can provide a

variable rehabilitation tool that reduces barriers to individuals performing rehabilitation exercises

(29).

The most recently released Xbox Kinect system has an RGB camera and a dual infrared
depth sensor for the automatic detection of limb and body position and motion. The system uses
these elements to capture data to create a 3-dimensional human body model in real time, called
an avatar, which allows for patient to use their own body as the controls to play a game. The
reliable visual feedback from the on-screen player’s avatar may provide accurate feedback on
movement (30).

2-C: Hybrid system:

Hybrid systems employ different combinations of components, usually from low-cost
systems (such as the Nintendo Wii® remote controller or Microsoft Kinect®) to establish
vestibular-specific exercises. These systems are differentiated by levels of immersion, technical
specifications, frontend flexibility, availability, cost, and the evidence supporting their application
to rehabilitation. Using a combination of VR, motion sensors, and a posturographic platform in
rehabilitation as a hybrid therapy was found to be effective by Rosiak et al (31) in reducing the
subjectively assessed symptoms in patients with peripheral vestibular dysfunction.

VR -based vestibular rehabilitation exercises categories:

Mutlu (3) had categorized VR-based vestibular rehabilitation exercises into the following

types:
1. Environment or condition simulations: Boat, airplane, escalator, metro station, and elevator

Tob Regul Sci.™ 2023 ;9 (1): 8997 - 9006 9001



Ebtessam Hamed Nada et.al

.Virtual reality technology as a tool for vestibular rehabilitation

simulations in devices with stable floors are very effective for habituation in patients who cannot
tolerate crowded or active environments. The number, speed, and visual characteristics of the
parameters in the simulation should be started at a level that can be tolerated by the patient and
gradually become more complicated. In unilateral peripheral vestibulopathy, especially if the
vestibulo-ocular reflex gain is very low, patients are uncomfortable with the motion simulations
when they turn their heads towards the pathological side so motion simulation by changing the
head position is very useful in these patients.

2. Optokinetic simulations: Images created using horizontal, vertical, or rotatory moving
points, planets, or other different shapes. Background, size, number, movement speed, and
direction of objects can be adjusted according to the patient’s tolerance. In fixed systems, it can
be worked in sitting and standing. In systems with a movable platform, ground motion also
allows the patient to try to control posture while watching moving objects.

3. Head-eye coordination: They are used as adaptation and substitution exercises as they
support both oculomotor and head movements and vestibuloocular reflex. Managing the
movements of an object (for example, an airplane, planet, or bird) with head movements,
watching the moving object with head movements, focusing on the target where it turns the
head, can be given as examples of exercises in this category. These exercises activate the patients’
head and eye movements and can be done in systems with a fixed floor while sitting or standing
on a

hard floor or foam. They can also be combined with moving platforms.

4. Exercises involving upper extremity: Exercises involving upper extremity movements in
vestibular rehabilitation are very important as they require trunk movements or stepping on
motionless platforms. The sensors held by the patients in both hands can be used for shooting
arrows, popping balloons, or painting objects. These exercises involve bending forward, reaching
up, turning back, or stepping. Parameters of the simulation can be changed in accordance with
the patient. Items that increase cognitive activity can be added to exercises.

5. Activity simulations: These exercises are used very effectively, especially in systems with
moving platforms. For example, ski simulation creates an effective dynamic balance exercise by
adjusting almost all parameters of the visual environment, the task and the movement according
to the patient.

Advantages of VR:

* Perceived enjoyment: as VR is a method to enhance motivation and adherence leading to
effective repetitive task-training even after discharge from rehabilitation facilities (32). This is
especially true in video game based approaches. By providing visual and auditory rewards, such as
displaying gratifying messages in real time (“Great”, “Very Good”), patients are motivated to
exercise. So, they will get better while having fun (33).

. VR can provide real-time multisensory feedback and facilitates task variation through the
application of various virtual environments that simulate real and daily life tasks (34).

J VR video games provide training conditions that favor an integration between cognitive
and motor stimulation. More complex training involving dual tasks such as cognition and motor

activity, requires automatic control during movements since the focus of attention is on the game
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shown on the display, promoting motor function improvement when compared with
conventional training (35).

. Availability of low-cost VR devices and the use of VR at home if a telerchabilitation
service is available, thus contributing to reduction in healthcare costs and improvement of
rehabilitation outcomes (4).

o VR technology enables therapists to provide standardized rehabilitation
protocols, controlled stimulus presentations that allows analysis of objective clinical progress and
performance measures (36). Also, VR environments can be tailored to patient needs and provide
personalized feedback on performance (37).

Limitations of VR:

. VR practice may cause symptoms of motion sickness and poor equilibrium. This
syndrome is characterized by discomfort, fatigue, nausea, and disorientation. It arises from the
discrepancy between a more vigorous motion perceived by vision and hearing and a weaker
motion perceived by the vestibular system and proprioception, which leads to simulator sickness.
The frequency and severity of simulator sickness depend on the device (HMD vs. non-wearable
displays), the type of tasks (e.g., walking vs. driving), and the individual’s clinical and
demographical features ((4).

. VR may induce eyestrain-related issues such as eye fatigue, discomfort, dryness, redness
and reduced visual acuity which falls under computer vision syndrome (38).

° The high cost of new VR devices. For this reason, video game-based therapy and non-
immersive VR systems are playing an important role in cost effective rehabilitation. This paired
with the fact that some devices may need some specific training to use (39).

. Some limitations are related to particular groups of patients who are afraid of new devices
or are very sensitive to their environment. For example, introducing VR devices may agitate
schizophrenia patients with persecutory delusion and paranoia (40).
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