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ABSTRACT

Introduction: Vestibular rehabilitation (VR) is now a subject of active studies and has been shown to be
effective for multiple vestibular disorders, peripheral or central. VR is a physical therapy that helps train
the central nervous system to compensate for vestibular dysfunction. There is moderate to strong
evidence that VR is safe and effective for the management of peripheral vestibular dysfunction.
Nonetheless, the studies on how VR works on central vestibular dysfunction remains scanty.

Areas covered: This article addressed the rehabilitation strategies and possible mechanisms, including
how central vestibular function might improve upon rehabilitation. In addition, it provides some
examples concerning the effect of VR on central vestibular dysfunction.

Expert opinion: VR works on the vestibular system through repetition of specific physical exercises that
activate central neuroplastic mechanisms to achieve adaptive compensation of the impaired functions.
VR has become a mainstay in the management of patients with dizziness and balance dysfunction.
Individualized VR programs are a safe and effective treatment option for a large percentage of patients
with central vestibular disease reporting imbalance and dizziness. Exploration of various treatment
strategies and possible mechanisms will help develop the best and personalized VR treatment for
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patients with central vestibular dysfunction.

1. Introduction

The International Classification of Vestibular Disorders (ICVD)
proposed three specific syndromes comprising the bulk of all
vestibular presentations, including acute vestibular syndrome,
episodic vestibular syndrome and chronic vestibular syndrome
[1]. These syndromes can occur in both peripheral and central
vestibular disorders. From 2017 to 2020, the central vestibular
diseases have been on the rise by the year and significantly
surpassed their peripheral counterparts (Figure 1) [2,3]. The
central vestibular system participates in the perception of
head and body motion, generation of eye motion driven by
vestibular and visual signals, balance and posture. The central
version tends to be more persistent, disabling, and debilitating
than that resulting from peripheral vestibulopathy. The treat-
ment of central vestibular disease mainly includes comprehen-
sive management, such as medical, surgical and physical
therapy (Figure 2).Though medications are indispensable for
some diseases, they tend to cause serious side effects, are
costly, and currently surgical are believed to be traumatically
[4,5]. Upon physical therapy such as VR, patients with central
vestibular dysfunction reportedly showed improvement in
balance, dizziness, and quality of life [6].

VR dates back to the 1940s when it was first introduced by
Cawthone and Cooksey to treat patients with peripheral

vestibular disorders [7,8]. The Cochrane Collaboration con-
cluded that there is moderate to strong evidence that VR is
safe and effective for the management of peripheral vestibular
dysfunction [9]. In 2016, the American Physical Therapy
Association issued the ‘Clinical Practice Guidelines for
Vestibular Rehabilitation of  Peripheral Vestibular
Hypofunction’ [10]. Modern research has extended the appli-
cation of VR to patients with dizziness and vertigo of different
origins. Thanks to recent advances in clinical and laboratory
research, our understanding of the central vestibular dysfunc-
tion has been substantially enhanced over the past years. Prior
studies indicated that VR could also have a positive effect on
dizziness and vertigo of central origin. In 2020, Tramontano et
al. conducted a systematic review of individualized VR for
central vestibular diseases and reviewed several prospective
randomized controlled trial studies, showing that individua-
lized VR was efficacious for the treatment of central diseases
[11]. VR has increasingly become a generally- accepted non-
drug, noninvasive and physical treatment choice, and has
been gradually used as a routine treatment [12-20].
However, studies on how VR works on central vestibular
disease has been scanty [21,22]. This review, for the first time,
explore the mechanism underlying vestibulo-ocular reflex
(VOR), especially VOR suppression, VOR memory, anti-
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Article highlights

o Vestibular rehabilitation (VR) has increasingly become an extensively
accepted non-drug, non-invasive and physical treatment choice, and
has been gradually used as a routine treatment.

¢ Vestibulo-ocular reflex (VOR) suppression and VOR memory are com-
monly used for rehabilitation of central vestibular hyperfunction.
Anti-saccade, and memory-guided saccade are commonly used for
rehabilitation of central fixation dysfunction.

o This study gives some examples that VR is efficacious for the treat-
ment for the central vestibular dysfunction, such as vestibular

migraine (VM), multiple sclerosis (MS), persistent postural-
perceptual dizziness (PPPD), cerebellar stroke and explains their
mechanisms.

o The study paved the way to the further exploration on the rehabili-
tative mechanisms in central vestibular diseases and to the future
development of more-targeted and effective VR alternatives for the
central vestibular dysfunction.

saccade, and memory-guided saccade works on the central
vestibular disease. In this review, we also we focused on
several disorders resulting in central vestibular dysfunction, i.
e. vestibular migraine (VM), persistent postural-perceptual diz-

ziness (PPPD), multiple sclerosis (MS), cerebellar stroke to dis-
cuss the application and efficacy of VR. This review may lay a
foundation for further studies on the mechanism by which
rehabilitation works on central vestibular disorders and help
develop better-targeted and more effective VR treatment
against central vestibular diseases.

2. Mechanisms and principles of vestibular
rehabilitation

VR is mechanistically based on the plasticity and functional
compensation of the central nervous system and the vestibu-
lar system. By means of compensation of the cortex, brain-
stem, and cerebellar pathway, the stability of eye movement
and posture is attained. The cerebellum plays a pivotal part in
the adjustment of plasticity between the pompons and the
medial vestibular nucleus [23]. The cerebral cortex possesses
tremendous plasticity. Expanding cortical function or re-
organizing the conduction pathway can maintain the vestibu-
lar function [24].

VR exercises are designed to neurophysiologically reduce the
disabling symptoms on the strength of neuroplasticity, including
adaptation [25-27], habituation, and substitution [28,29],
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Figure 1. Trends in the incidence of various vestibular disorders in recent years. From 2017 to 2020 [2,3], the central vestibular diseases have been on the rise by the
year and significantly surpassed their peripheral counterparts. In order to more vividly express the changes of diseases, we make a new comparison graph according

to the two data from different years. BPPV, benign paroxysmal positional vertigo.
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Figure 2. Diagnosis and treatment process of vestibular rehabilitation in central vestibular disorders and vestibular dysfunction. The diagnosis of central vestibular
diseases mainly included history, assessment of vestibular function, psychophysiological, risk assessment and so on. Etiological therapy, symptomatic treatment,
personalized rehabilitation especially VOR suppression, Memory VOR, Anti-Saccade, Memory saccades play the leading role. VOR, Vestibulo-Ocular Reflex; DHI,
Dizziness Handicap Inventory; Hads, Hospital Anxiety Depression Scales; ABC, Activity-specific Balance Confidence Scale; SSS, Somatic Self-rating Scale.

which accelerate the vestibular compensation [13,15,30-34].
Physiologically, habituation results from decreased excitatory
postsynaptic potential caused by presynaptic membrane cal-
cium channel blockers, while adaptation is the results of the
tissue remodeling due to the up-regulated expression of
corresponding genes and proteins [35]. In the literature on
vestibular disorders, adaptation referred to long-term
changes in the neuronal response to head movements, with
the goal of reducing symptoms and normalizing gaze and
postural stability [10]. Synaptic inhibition or membrane
hyperpolarization of medial vestibular nucleus neurons elicit
a persisting elevation in intrinsic excitability through a pro-
cess known as ‘firing rate potentiation,” which might be uti-
lized in vivo to mediate behavioral plasticity [36,37].
Substitution is a process by which a sensory system compen-
sates for the deficiency of another sensory system [38,39].
Such substitution takes place via vision and proprioception
to replace or enhance the lack of vestibular inputs, via the
central compensation, i.e. sensory integration, to improve the
postural and gaze stability [40,41]. VR exercises must chal-
lenge balance mechanisms holistically and target motor, sen-
sory (vision/vestibular/somatosensory), and cognitive aspects,
it must be goal - orientated and context-specific [42,43].
Postural stability is accomplished by the central processing
of sensory inputs consisting of visual, vestibular, auditory and
proprioceptive information. The vestibular system, whose job
is to integrate this information, establishes novel neural net-
works to replace the lost afferent inputs [44]. These changes
are basis of the central compensation, which occurs due to
neuronal and neurochemical activity caused by sensory con-
flicts [45,46].

2.1. Mechanism of rehabilitation for central vestibular
dysfunction

The peripheral vestibular receptors take the sensory signals via
VOR pathway. Afterward, the signals go, along the vestibular
nerve, to the vestibular nerve nucleus, and then to the oculo-
motor nucleus via the medial longitudinal fascicle, eventually
arriving at the extraocular muscles nuclei. Any problems in the
pathway can affect the field of vision. The VOR can be viewed
as an adaptive control system that maintains compensatory
eye movements during head motion, thereby allowing people
to have a clear vision in the fovea retina. VOR Suppression and
VOR memory are commonly used for rehabilitation of central
vestibular hyperfunction. Anti-saccade, and memory-guided
saccade are commonly used for rehabilitation of central fixa-
tion dysfunction [23].

2.1.1. Vestibulo-ocular reflex suppression

VOR suppression occurs when a normal person is moving his
or her head, and, at the same time, is tracking a visual target
that is going with the head movement. During VOR suppres-
sion, the eyeballs are virtually still and does not have abnor-
mal movements. Since the VOR response is canceled by the
simultaneously moving visual target, the VOR suppression is
also dubbed VOR cancellation [47,48].

VOR suppression is used for the rehabilitation of central
vestibular hyperfunction because the VOR pathway is a part of
the neural reflex of the brainstem, and the pathway is con-
trolled by the cerebellar and cortical centers. This control
mainly takes on the form of inhibition. Central vestibular dis-
eases damage the superior center of VOR, and its inhibitory
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effect is weakened. As a result, VOR is hyperactive (Tracking a
visual target that moves synchronously with the head move-
ment while the head is moving, the eyeballs cannot remain
still and nystagmus results, which means that the VOR
response during head movement cannot be canceled by the
synchronized eye movement, resulting in the failure of VOR
suppression). It is common in central damage. Consequently,
the vestibular eye reflex gain increases, and a series of symp-
toms develop. Therefore, the central vestibular hyperfunction
requires VOR suppression training to maintain a constant eye
and head speed, regain the VOR and lower the VOR hyper-
activity. Therefore, clinically, when performing VR for central
vestibular dysfunction, VOR suppression is predominantly
used. Briefly, fixation of a target while rotating the head and
moving the target at the same angular velocity (Each session
is repeated 5 times).

The prerequisite for VOR suppression: First, the vestibule
functions properly. If the vestibular function is totally
removed, there will be neither VOR nor VOR suppression.
Second, the visual tracking works properly. Patients with track-
ing dysfunction tend to have impaired VOR fixation suppres-
sion. In peripheral vestibular diseases, such as unilateral
vestibular dysfunction, the VOR gain drops, and the visual
image slides on the retina to produce signals that stimulate
the vestibular system, the vestibular center pools the inputs to
increase the VOR gain.

2.1.2. Vestibulo-ocular reflex memory

The memory visual target serves to utilize the cognitive func-
tion of the central nervous system, such as cerebral cortex, the
cerebellum, and brainstem, to initiate the outgoing copy sig-
nal and send the copy signal to the relevant structure via the
perceptual internal template, and then by adjusting the cen-
tral nervous system [49,50]. Training sessions in VOR memory
include: the patient stares at the central target, then closes
eyes, slowly turns head to one side, the eyes are glued to the
imaginary target in memory, open eyes after 5 seconds to see
if there is a gap between the actual point and the imaginary
one, and then turn head back to normal position. The session
is repeated 5 times.

2.2. Mechanism of rehabilitation for central fixation
dysfunction

2.2.1. Anti-saccade and memory-guided saccade

A saccade is defined as a rapid eye movement whose purpose
is to fixate the gaze on a visual target. The purpose of a
saccade is to fixate the fovea on new targets of interest or to
make corrective ‘catch up’ movement when a target escapes
the more slowly tracking smooth-pursuit system [51].
Anatomically, Saccade pathways involve several regions of
the cerebral cortex, the cerebellum, and brainstem. It is in
the brainstem-cerebellum eye movement center, which is a
reflex eye movement pathway, or the exogenous eye move-
ment pathway. It is a conduction pathway under the visual
cortex and does not necessarily go through the visual cortex.
During a saccade, retina sensory signals, via retinal ganglion
cells and optic nerve afferent pathways, reach the lateral
geniculate body, and go upward to the superior colliculus

system. Then, they, make their way, via the superior colliculus,
then paramedian pontine reticular formation (PPRF) (vertical)
and rostral interstitial nucleus of the medial longitudinal fas-
ciculus (riMLF) (horizontal), respectively, to the eye motor
nucleus. An extremely rapid and precise eyeball conjugate
movement can be either reflexive or random [52]. Saccades
are easy to execute, but anti-saccades require suppression
mechanisms to prevent the automatic execution of a visually
driven saccade toward the stimulus; hence anti-saccades
impose a higher demand on attentional and cognitive
resources [53,54]. Anti-saccade, when inhibiting a reflex sac-
cade, initiates a random saccade at the same time. The super-
ior colliculus is inhibited to reduce the excitability of the
central superior colliculus to PPRF (vertical) and riMLF (hori-
zontal), thereby suppressing reflex saccades [52]. The cortical
initiation center of the random saccade is located in the
cortical center of each lobe of the brain [55], which starts
the random saccade by sending excitatory impulses to the
brainstem reflex saccade center (PPRF and riMLF).

The anti-saccade task, first developed by Peter Hallett [56],
has been used extensively for investigating mechanisms of
voluntary saccade control. Anti-saccade suddenly appears in
the field of vision at the mirror position of the target. It was
initially developed as a way to dissociate between the stimu-
lus location and the goal of the saccade [57]. Memory-guided
saccade is based on the position of the target that appeared in
memory. When an action is memory-guided, its control must
access a stored representation of the target, and this stored
representation cannot be provided by the visuomotor
mechanisms in the dorsal pathway [58]. Both are the endo-
genous higher cortex eye movement reflex and include cor-
tical-subcortical eye movements. Such reflexes involve the
center and structure alone the random eye movement path-
ways, with the will, the higher cortex and the cognitive pro-
cessing process being implicated in them. The difference
between the two saccades lies in that the visual target
moves in different manners. In anti-saccade, the examiner
raises the target with both hands, and randomly indicates
one of the two visual targets. With patient’s head staying
static, and the eyes quickly scan in the opposite direction of
the indicated target. With memory-guided saccade, the exam-
iner holds two vision targets with both hands. At a certain
angle, the patient stares at the two vision targets on the left
and the right. After allowing for adaptation for some time, the
patient closes eyes and imagines the eye movement when
eyes are open and move eyes to the left and right. The session
is repeated 5 times.

3. Efficacy and pathologies of vestibular
rehabilitation in central vestibular dysfunction

3.1. Vestibular migraine

3.1.1. Introduction of vestibular migraine

Vestibular migraine (VM) is now a distinct disease entity as
proposed by both the Barany Society and the International
Headache Society [59,60]. VM patients may suffer from
peripheral or central vestibular dysfunction between epi-
sodes [61,62]. The pathophysiology of VM is not fully



known, and it is generally believed to involve trigemino-
vascular reflex, cortical spreading depression, ion channel
dysfunction, genetic factors and neurotransmitter abnorm-
ality (Figure 3) [63]. Meanwhile, the growing base of
knowledge concerning migraine generally points to both
central and peripheral mechanisms. In the cerebral cortex,
evidence suggests that visual auras are due to cortical
spreading depression, a transient reversible wave of depo-
larization triggered by the activation of cortical pyramidal
cells [64]. The diagnosis of vestibular migraine is based on
recurrent vestibular symptoms, a history of migraine, a
temporal association between vestibular symptoms and
migraine ones and elimination of other causes of vestibu-
lar symptoms. It mimics virtually all forms of dizziness in
terms of symptoms, duration, and pattern of attacks and
tends to be misdiagnosed [65,66]. The prevalence of VM is
2.7% in population studies and 10% in outpatient clinics
[67-69]. For patients with VM, it is also important to con-
sider comorbidities such as Meniere’s disease, BPPV, anxi-
ety and depression, which significantly affect the quality of
life. Subjects with VM also pose a heavy burden on the
health-care system [68].
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3.1.2. Efficacy of vestibular rehabilitation for vestibular
migraine

Treatment options for VM patients include reducing or removing
triggering factors, medications, physical therapies, and treatment
of comorbidities (Figure 3) [70-72]. Acute medical treatment can
quickly and persistently relieve pain and reduce the recurrence of
headache. Prophylactic medications can lower the frequency of
attacks, mitigate the severity of attacks, and minimize functional
impairment [73-75]. However, adverse reactions caused by some
medicines include ataxia, impaired concentration, and fatigue.
Moreover, vestibular suppressants should be tapered and discon-
tinued, as they can stop or slow vestibular compensation [71].
Preliminary studies showed that VR helped to ease tension-type
headache, relive anxiety and depression, and improve physical
performance measures and self-perceived abilities [76-78].
Furthermore, VR exercises may also work on VM, either indepen-
dently or in combination with medications [79,80].

3.1.3. Vestibular rehabilitation program and mechanism
in vestibular migraine

Pathogenesis of VM is still poorly understood and researchers
fail to agree regarding whether its origin is predominantly

Brainstem

Gaze

Posture& self-motion
stabilization Balance stabilization
stabilization

Figure 3. The treatment mechanism of vestibular migraine. Pathogenesis of vestibular migraine (VM) is still poorly understood and researchers fail to agree
regarding whether its origin is predominantly central or peripheral. The factors involved in the pathogenesis of VM do not work separately but are intricately
interwoven. Treatment options for VM patients include reducing or removing triggering factors, medications, physical rehabilitation therapies, and treatment of

comorbidities.
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central or peripheral. The factors involved in the pathogenesis
of VM do not work separately but are intricately interwoven
[81,82]. Abnormal sensory modulation or integration within
the thalamo-cortical network could result in dizziness and
spatial disorientation, which may lead to a ‘higher level’ dys-
function of the multisensory integration function of spatial
orientation. Activities such as ballet dancing and yoga can
enhance spatial perception and physical coordination [64].
Cortical spreading depression hypothesis assumes that, during
aura migraine, various factors stimulate the cerebral cortex
and then the inhibitory cortical electrical activity spreads
from the stimulation site to the surrounding regions.
Vestibular connections can be divided into downward-
projecting vestibulospinal tracts and upward projections [i.e.
to the ocular motor nuclei that organize the VOR] [83]. When it
diffuses to the vestibular cortex (the parietal lobe and insular
lobe), the activity is inhibited, and the inhibitory effect on the
brainstem vestibular nucleus is weakened, thereby affecting
the processing of vestibular signals and causing vestibular
symptoms, or leading to transient vestibulo-ocular dysfunction
or vestibular hypersensitivity associated with migraine [84].

VM patients reportedly had a greater VOR time constant
[85,86]. In these patients, the enhanced suppression of the
VOR in patients suffering from dizziness/vertigo was likely to
be a cerebellar adaptation to suppress the hypersensitive
vestibular system [81,82]. Decreased cerebellar inhibition on
VOR may be the neuropathological basis of the vestibular
hypersensitivity associated with migraine [87]. VR may involve
training patients to bring on the symptoms to ‘desensitize’ the
vestibular system, teaching them to achieve coordination
between eye and head movements, helping them attain bet-
ter balance and engage in ambulation [88,89].

Some studies postulated that an increase in sensitivity to
visual-vestibular mismatch is culpable for the development of
symptoms. Patients with VM have a dramatically greater sensi-
tivity to complex motion than normal subjects and migraineurs
without vertigo [90,91]. This hypothesis may explain the motion
sensitivity and vestibular sensitivity to active visual surroundings
in VM patients [92]. Future VR strategies such as VOR suppression
should designed to ‘desensitize’ the symptoms of VM.

3.2. Persistent postural-perceptual dizziness

3.2.1. Introduction of persistent postural-perceptual
dizziness

Persistent postural-perceptual dizziness (PPPD) is character-
ized by persistent dizziness, unsteadiness, and non-spinning
vertigo lasting for three months or longer. The Barany Society
has developed a diagnostic framework and outlined the puta-
tive pathophysiologic mechanisms [93,94]. The term PPPD is
new, but the condition is not. Its diagnostic criteria were
based on a consensus of experts who integrated phobic pos-
tural vertigo (PPV), space-motion discomfort (SMD), visual ver-
tigo (VV), and chronic subjective dizziness [95-98]. Victims
often feel that the symptoms worsen in an upright posture,
in movement or when exposed to complex visual stimulation,
or during active or passive head movements [99]. It can occur
at any age group and the most frequently in the age group of
about 40 years, with a female predominance [100].

3.2.2. Persistent postural-perceptual dizziness and
psychiatric condition

PPPD is categorized as a chronic functional vestibular dysfunction
and not an organic or a psychiatric condition [93]. The fact that VR
and cognitive behavioral therapy (CBT) are similar in some
respects may be a further expression of the linkage between
vestibular dysfunction and anxiety disorders [101]. Many vertigo
diseases, especially PPPD, are related to mental-psychological
conditions. A recent study has observed that PPPD patients regis-
tered higher depression scores were registered than the victims of
other vestibular disorders. The same pattern was also observed in
the VM group and other central vestibular dysfunction too [102].
So it is worth noting the importance of multidisciplinary therapy
associated with psychiatrical and psychological management.

3.2.3. Efficacy of vestibular rehabilitation for persistent
postural-perceptual dizziness

PPPD treatment mainly includes VR treatment in combination
with CBT, supplemented with medications (Figure 4) [103-
105]. A retrospective study conducted by Thompson et al. in
2015 showed that VR based on acclimatization training was
effective against PPPD, showing that the head/body move-
ment-related symptoms improved more than environmen-
tally/visually-induced dizziness symptoms did [106]. In 2019,
a prospective study in Egypt customized personalized home
VR training showed that it helped to reduce dizziness symp-
toms and improve the quality of life for PPPD patients [107]. At
present, it is believed that the combination of guided therapy
by physical therapists and customized family training is more
beneficial to the rehabilitation of PPPD [106].

3.2.4. Vestibular rehabilitation program for persistent
postural-perceptual dizziness and mechanism

Habituation and visual/optokinetic motion desensitization is the
principal VR exercise in PPPD. First, from general physical exercise
to specific acclimatization exercise that triggers dizziness, then
the visual/optokinetic motion desensitization was performed by
looking at moving or complex images, and further, multitasking
gait training was carried out to gradually establish a normal gait.
The VR treatment of PPPD overlaps with CBT and the two
methods were detailed in following session. If the either of the
treatments doesn’t work well, medications can be initiated.

The pathophysiological processes underlying PPPD are not
fully understood. Mounting evidence suggests that it might
arise from changes in postural control, multi-sensory data pro-
cessing or cortical incorporation of spatial orientation and threat
evaluation [108-117]. PPPD per se does not lead to abnormal-
ities in vestibular or oculomotor reflexes, such as the vestibulo-
ocular reflex or smooth pursuit, but individuals with PPPD may
have peripheral or central vestibular deficits related to the trig-
gering or co-existing conditions [118]. Presence of vestibular
dysfunction may result in a compensatory increase in the sensi-
tivity to visual or proprioceptive balance cues, the chronic
hypersensitivity to motion stimuli and visual complexity, the
core symptom of PPPD, means that it requires VOR
Suppression or VOR memory as habituation/desensitization
approach, rather than a compensation approach.
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Figure 4. The brief introduction of PPPD. Affected individuals of PPPD feel worst when upright, exposed to moving or complex visual stimuli, and during active or
passive head motion. These situations may not be equally provocative. Ingredients of treatment include (a) A clear positive diagnosis and explanation that you can
work with; (b) Recognition during assessment of all the various component symptoms that may or may not be going along with your PPPD; (c) Physiotherapy/
Desensitization of movement such as VRT. PPPD, persistent postural-perceptual dizziness; VRT, vestibular rehabilitation treatment; CBT, cognitive-behavioral therapy.

3.3. Multiple sclerosis

3.3.1. Introduction of multiple sclerosis

Multiple Sclerosis (MS) is a chronic autoimmune disease of the
central nervous system that involves the white and gray mat-
ters, in which inflammation, demyelination and axonal loss
take place at much more early stages of the condition
[119,120]. It is a complex disease characterized by a wide
array of symptoms, including fatigue, vision problems, abnor-
mal sensations, muscle spasms, stiffness and weakness, trou-
ble walking and difficulty with balance symptoms. Among
them postural intolerance reportedly affect about 49%-59%
of MS patients [121-123], and balance dysfunction was found
in 75-82% of mild to moderate cases [124]. MS symptoms
result from lesions in the brain, spinal cord, or optic nerves
that can affect balance, gait and lead to fall [125]. A total of 2.8
million people are estimated to live with MS worldwide (35.9
per 100,000 population) and females are twice as likely to
have MS as males [126]. Independent of prevalence, the inci-
dence of MS seems to be on the rise around the globe [127].
Compared with the general population, MS patients tend to
have a higher death rate and a shorter life expectancy by
about 10 years [128].

3.3.2. Efficacy of vestibular rehabilitation for multiple
sclerosis

In view of MS is a complicated, chronic and progressive con-
dition that assumes various forms, varying efficacy drugs aims
to reduce relapses and delay disease progression [129]. For
example, methylprednisolone, IFN-beta, rituximab, fingolimod,
teriflunomide and so on, are effective disease-modifying drug
therapies for MS [130]. What is more, non-pharmacological
multidisciplinary care can, in some cases, improve patient out-
comes. Some studies showed that VR, as an exercise-based
program, primarily designed to reduce vertigo and dizziness,
gaze instability, and/or imbalance and falls, was effective for
MS patients [131]. One meta-analysis supports the notion that
VR is more effective than no intervention in attaining improve-
ment in balance in subjects with MS [132]. In addition,
Tramontano el al. found that VR plus the cerebellar intermit-
tent theta burst stimulation (c-iTBS), as a novel rehabilitative
strategy could increase cerebellar activity, and improve gait
and balance ability in 20 hospitalized MS patients [133].
Incidentally, one case report found that applying immersive
virtual reality (VRi) vestibular training protocol to the MS
population could improve dizziness, balance, gait, impact of
fatigue and quality of life [134].
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3.3.3. vestibular rehabilitation program for multiple
sclerosis and mechanisms

Mechanistically, several areas along the peripheral and cen-
tral vestibular neural pathways may be involved in the
pathogenesis of MS. These regions include the eighth
nerve, the vestibular nuclei, the oculomotor tracts, the med-
ial longitudinal fasciculus and the cerebellum [135].
Furthermore, a deficit in the integration of these sensory
cues along the subcortical and/or cortical areas has also
been observed to be linked to impaired balance perfor-
mance [136,137]. Impaired balance in MS is associated
with lesions in the brainstem and cerebellum [138,139].
Irrespective of the location of the lesion, either in the
cerebellum or in brainstem, VR strategies such as anti-
saccade or memory-guided saccade may improve balance,
dizziness, fatigue symptoms and health-related quality of
life.

Interventions specifically designed to improve balance
should yield better results than interventions to strengthen
lower limbs or aerobic exercises [140]. A randomized con-
trolled study found that fixation exercises, static and dynamic
balance exercises, acclimatization, walking in various postures,
and walking training that change visual inputs could effec-
tively improve vestibular function in MS patients [141].
Furthermore, evidence suggests that unsteady gaze fixation
in people with MS enhances intention tremor during visuo-
motor tasks requiring eye-hand coordination [138]. What is
more, a sensory integration balance training performed
under different sensory conditions may improve balance
more in MS patients [142-144]. Intensive multidisciplinary
rehabilitation is recommended for all MS patients and the
treatment should start as early as possible to maximize func-
tional recovery [145-147].

3.4. Cerebellar stroke

3.4.1. Introduction of cerebellar stroke

Cerebellar stroke resulting from either hemorrhage or infarc-
tion may present with vertigo, ataxia, and unique eye move-
ments [83]. Acute cerebellar infarction usually manifests as
solitary vertigo, possibly not accompanied by other nervous
system signs, and might be easily missed or misdiagnosed as
peripheral vertigo. The condition should be diagnosed in
time to avoid serious post-infarction edema [148]. The inci-
dence of cerebellar infarction is relatively low, making up
about 2% to 3% of acute cerebral infarction. Most symptoms
are nonspecific. Dizziness or vertigo is the most common
complaint of patients suffering from cerebellar infarction.
Patients with cerebellar infarction tend to have ataxia and
balance dysfunction, and their principal manifestations
include staggering gait, slow movement, difficulty in walking
straight and maintaining body balance, all seriously affecting
quality of life [149,150]. Because cerebellar infarction usually
has no specific clinical symptoms, in many cases, it mimics
peripheral vestibular vertigo, and the emergency brain CT
examination only identified 26% of acute cerebral infarc-
tion [151].

3.4.2. Vestibular rehabilitation for cerebellar stroke and
mechanisms

The cerebellar flocculus is involved in the inhibitory regulation
of excitatory and inhibitory branches of VOR pathway. The
cerebellum is believed to play an important role in the recov-
ery of static symptoms after unilateral labyrinthectomy, and
the entire cerebellum-related pathways are involved in the
initial stage of vestibular compensation [152]. A complete
cerebellum is required for calibration by long-term vestibular
ocular reflex in post-injury animals. The cerebellum plays an
important role in the integration of sensory and motor signals,
coordination of motor and cognition, and motor learning.

At present, no clinically effective drugs are available for the
treatment of the cerebellar lesions. A recent study reported that
the fixation suppression was impaired in about 50% of patients
with cerebellar infarctions [153]. Rehabilitation during the acute
phase of cerebral infarction can effectively improve the quality of
life. Therefore it is crucial that appropriate rehabilitation strategy
should be used for patients with cerebellar infarction in the acute
phase [154,155]. Some scholars found that balance exercises can
improve the motor coordination by remodeling nerve synapses
and activating astrocytes to improve the patient’s balance.
However, early post-stroke multisensorial training, under visual
deprivation with somatosensorial and vestibular stimulation,
could be more effective than a traditional approach based on
neurodevelopmental concepts [156,157].

4. Conclusion

The aim of this review is to summarize the efficacy and
mechanism of VRT in central vestibular dysfunction and to
provide a foundation for future studies. VOR suppression,
VOR memory, anti-saccade, and memory-guided saccade dee-
ply analysis for the rehabilitation of central vestibular diseases.
Individualized VR programs are a safe and effective treatment
option for a large number of patients suffering from imbal-
ance and dizziness due to central vestibular disease.

5. Expert opinion

Vertigo, dizziness, poor balance and abnormalities in the con-
trol of eye movements are symptoms that may be associated
with vestibular problems. Such symptoms are common in
people with central vestibular diseases, can lead to falls, injury,
and a restriction in outdoor mobility, and, subsequently, may
affect social functions and quality of life.

5.1. New insights: where are we going?

VR is the golden-standard care for patients with vestibular
problems. VR involves progressive exercises, including eye,
head, and body movements in sitting, standing, and walking.
Given the complexity of symptoms in people with central
vestibular issues, it may be that more effective personal exer-
cises delivered via proficient in mechanism. Therefore, this
research is important for in-depth exploration of the mechan-
ism of central vestibular diseases. On the basis of the study,



future research should be directed at formulating personalized
VR tailored to different diseases.

Factors affecting VR, including rehabilitation assessment pro-
cedures [158], strategies and dosage, and patients’ involvement
[159]. With the advent of new diagnostic tools, it is possible to
assess the function of each component of the vestibular appara-
tus. Incorporating emerging technologies, such as virtual reality,
Internet/mobile phone software application and sensory
enhanced biofeedback into VR can provide the best and perso-
nalized VRT for patients with central vestibular dysfunction [160-
163]. At present, understanding of the optimal intervention time,
training type, frequency and intensity of VR still warrants more
high-quality and large-scale RCTs. Moreover, VR protocols have
proven to be effective in improving vestibular compensation in
clinical practice. Nonetheless, the underlying neurobiological
mechanisms remain unknown.

It is necessary to improve clinical practice guidelines (CPGs)
to help physical therapists better treat patients with central
vestibular dysfunction to optimize rehabilitation outcomes. |
hope our review can provide a starting point for the formula-
tion of future CPGs, since CPGs could allow clinicians to know
who, what, how and when to treat, to ensure that exercise
interventions are currently the best choice available.
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