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ABSTRACT

Vestibular rehabilitation therapy (VRT) is undergoing a paradigm shift toward a mechanistically
informed, multisensory, and technologically integrated model. This narrative review synthesises
current evidence on how this transformation is driven by advances in neurophysiology, diagnostic
precision, and immersive technologies such as virtual reality (VR), which collectively enhance
personalization and therapeutic efficacy. Traditional approaches that primarily targeted peripheral
deficits are now complemented by strategies addressing central processing dysfunctions, cognitive-
emotional comorbidities, and maladaptive sensory integration, particularly in conditions like
Persistent Postural-Perceptual Dizziness (PPPD) and vestibular migraine. VR-based rehabilitation
enables controlled manipulation of sensory inputs and task complexity, facilitating adaptation,
habituation, and substitution—key neurophysiological mechanisms underlying vestibular
compensation. Objective diagnostic tools, including the Video Head Impulse Test (vHIT) and
Computerized Dynamic Posturography (CDP), provide individualized assessments of vestibulo-
ocular reflex (VOR) function and sensory reweighting, guiding targeted interventions. Wearable
sensors and mobile platforms further extend high-fidelity VRT into home settings, enhancing
accessibility and adherence through real-time monitoring and feedback. Randomized controlled
trials and meta-analyses support the clinical efficacy of VR-based interventions across peripheral
and central vestibular disorders, with several studies reporting outcomes comparable, and in selected
populations potentially superior, to conventional methods. Importantly, the management of complex
cases increasingly relies on interdisciplinary collaboration among physical therapists, audiologists,
neurologists, and mental health professionals. This integrated, patient-centered approach addresses
the full spectrum of sensory, motor, cognitive, and psychological dimensions of vestibular
dysfunction. As VRT continues to evolve, the synergy of technological innovation and
neurophysiological insight offers a robust framework for improving long-term functional outcomes
and quality of life in diverse vestibular populations.
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Vestibiiler Rehabilitasyonda Bilimsel ve Teknolojik Doniisiim:
Norofizyolojik Temelli, Kisisellestirilmis ve Entegre Yaklasimlar

OZET

Vestibiiler rehabilitasyon tedavisi (VRT), mekanizma temelli, ¢ok duyusal ve teknolojik olarak
entegre bir modele dogru bir paradigma degisikligi ge¢irmektedir. Bu derleme, anlatisal (narrative)
bir derleme niteliginde olup bu doniistime iligkin giincel kanitlar1 sentezlemeyi amaglamaktadir. Bu
doniisiim, norofizyoloji, tan1 hassasiyeti ve sanal gergeklik (VR) gibi siiriikleyici teknolojilerdeki
ilerlemeler tarafindan yonlendirilmektedir ve bunlar toplu olarak kisisellestirmeyi ve terapdtik
etkinligi artirmaktadir. Oncelikle periferik bozukluklar1 hedef alan geleneksel yaklasimlar, artik
ozellikle Kalici Postural-Algisal Bag Donmesi (PPPD) ve vestibiiler migren gibi durumlarda,
merkezi isleme bozukluklari, biligsel-duygusal komorbiditeler ve uyumsuz duyusal entegrasyonu
ele alan stratejilerle tamamlanmaktadir. VR tabanli rehabilitasyon, duyusal girdilerin ve gorev
karmagikliginin ~ kontrollii  bir sekilde manipiilasyonunu miimkiin  kilarak, vestibiiler
kompansasyonun altinda yatan temel ndrofizyolojik mekanizmalar olan adaptasyon, aligma ve
ikameyi kolaylastirir. Video Bas Impuls Testi (VHIT) ve Bilgisayarli Dinamik Postiirografi (CDP)
gibi objektif tan1 araglari, vestibiilo-okiiler refleks (VOR) fonksiyonu ve duyusal yeniden
agirliklandirmanin bireysellestirilmis degerlendirmelerini saglayarak hedefe yonelik miidahalelere
rehberlik eder. Giyilebilir sensdrler ve mobil platformlar, yiiksek kaliteli VRT'yi ev ortamlaria da
tagtyarak, gergek zamanli izleme ve geri bildirim yoluyla erisilebilirligi ve uyumu artirir. Randomize
kontrollii ¢alismalar ve meta-analizler, periferik ve merkezi vestibiiler bozukluklarda VR tabanli
miidahalelerin klinik etkinligini desteklemekte ve bazi ¢aligmalar geleneksel yontemlere kiyasla
benzer, segilmis hasta gruplarinda ise potansiyel olarak daha iyi sonuglar bildirmektedir. Onemli
olarak, karmasik vakalarin yonetimi giderek fizik tedavi uzmanlari, odyologlar, nérologlar ve ruh
saglig1 uzmanlari arasindaki disiplinler arasi igbirligine dayanmaktadir. Bu entegre, hasta merkezli
yaklagim, vestibiiler disfonksiyonun duyusal, motor, biligsel ve psikolojik boyutlarinin tiimiinii ele
almaktadir. VRT gelismeye devam ederken, teknolojik yenilik ve nérofizyolojik i¢gdriiniin sinerjisi,
cesitli vestibiiler popiilasyonlarda uzun vadeli fonksiyonel sonuglari ve yasam kalitesini iyilestirmek
icin saglam bir ger¢eve sunmaktadir.

Anahtar Kelimeler: Duyusal entegrasyon, Sanal gerceklik, Telerehabilitasyon, Vestibiiler
kompansasyon, Kalic1 postural-algisal bag donmesi

1 Introduction

Vestibular physical therapy is undergoing a significant transformation, moving away from traditional,
symptom-driven paradigms toward a mechanistically grounded, multisensory rehabilitation model. This
evolving framework is informed by advances in neurophysiology, enhanced diagnostic precision, and
the integration of immersive technologies such as VR. Collectively, these innovations aim to personalize
therapy and optimize functional outcomes in individuals with vestibular dysfunction (Tramontano et al.,
2025; Fan et al., 2025; Kim, 2023; Liu et al., 2023; Abd-Elhamid et al., 2024).

Vestibular dysfunction represents a substantial and often underrecognized public health burden,
frequently presenting as dizziness, imbalance, impaired gait, and heightened fall risk. These symptoms
adversely affect quality of life and contribute to significant healthcare costs. Such dysfunction is a
central feature in a range of conditions, including chronic disorders like PPPD, vestibular loss (\VL), and
post-stroke imbalance (Savitha et al., 2025; Marioni, 2022; Cochrane et al., 2021). VRT plays a critical
role in mitigating these symptoms. Evidence supports its effectiveness in improving balance, gait
stability, and dizziness severity across diverse populations, including individuals with peripheral
vestibular pathologies, PPPD, and vestibular complications secondary to diabetes (Fan et al., 2025;
Savitha et al., 2025; Abd-Elhamid et al., 2024; Tramontano et al., 2021). Additionally, the increasing
recognition of cognitive and emotional comorbidities in vestibular disorders underscores the necessity
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for a comprehensive, multisensory approach to treatment (Smith et al., 2024; Wolfe et al., 2024; Ma et
al., 2022; Dieterich & Brandt, 2023).

This shift in clinical perspective is further operationalized through the application of advanced
diagnostic tools and immersive therapeutic modalities. VR-enhanced assessments such as Dynamic
Visual Acuity (DVA) testing and Head Impulse Testing (HIT) provide objective, ecologically valid
measures of VOR function and postural control, which are particularly valuable in diagnosing and
monitoring complex syndromes like PPPD (Holford et al., 2022; Desoche et al., 2023; Nowakowski et
al., 2023). In parallel, VR-based rehabilitation offers immersive, multisensory environments that can be
tailored to challenge and train balance, gaze stabilization, and spatial cognition. These interventions
have demonstrated favorable, and in some cases superior, outcomes compared to traditional VRT across
a spectrum of conditions, including peripheral vestibular dysfunction, post-stroke imbalance, and PPPD
(Abd-Elhamid et al., 2024; Surano et al., 2022; Kriz et al., 2024). When integrated with telehealth
platforms, VR rehabilitation can also address long-standing barriers related to access, adherence, and
healthcare costs, enhancing scalability and continuity of care (Perez-Heydrich et al., 2024).

This narrative review aims to discuss and summarize how advances in neurophysiological understanding
and technological innovation are shaping contemporary VRT practices. Specifically, it discusses how
approaches grounded in multisensory integration, objective diagnostics, and immersive therapy may
more effectively target the complex sensory, cognitive, and emotional factors underlying chronic
vestibular disorders. In doing so, this review seeks to summarize the current evidence regarding their
potential to enhance the efficacy, accessibility, and personalization of vestibular care, while highlighting
the methodological limitations of the existing literature.

2  Methods: Literature Search Strategy

This article is a narrative review and does not claim to follow a systematic review methodology.
Accordingly, no formal PRISMA protocol, quantitative pooling of data, or formal appraisal of evidence
certainty (e.g., GRADE) was performed. To enhance transparency and reproducibility, however, the
literature search process is summarized below.

The PubMed, Scopus, Web of Science, and Google Scholar databases were searched for relevant
English-language literature published between January 2020 and October 2025, with a small number of
seminal earlier works included where required for conceptual background. The search combined terms
related to the clinical domain and to the technological and neurophysiological focus of the review, using
Boolean operators. Representative search strings included combinations of “vestibular rehabilitation”
OR “vestibular physical therapy” AND (“virtual reality” OR “immersive technology” OR
“telerehabilitation” OR “wearable sensors”), as well as (“vestibulo-ocular reflex” OR “video head
impulse test” OR “computerized dynamic posturography” OR “sensory reweighting’) AND (“persistent
postural-perceptual dizziness” OR “vestibular migraine” OR “functional dizziness”).

Peer-reviewed original studies, systematic reviews, meta-analyses, and authoritative clinical references
relevant to the neurophysiology, assessment, technological enhancement, and clinical management of
vestibular disorders were considered eligible. Priority was given to randomized controlled trials,
systematic reviews, and meta-analyses, while smaller pilot studies and feasibility reports were included
where higher-level evidence was unavailable and are identified as such in the text. Non-English sources,
conference abstracts without full text, and studies not directly relevant to the review’s scope were
generally excluded. Reference lists of key articles were also screened to identify additional relevant
publications. Owing to the narrative design, study selection involved a degree of expert judgement rather
than a formal screening algorithm, which is acknowledged as a limitation.
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3 Advanced Diagnostic and Assessment Methods

The transition in VRT toward a mechanistically informed, multisensory framework is increasingly
supported by advanced diagnostic technologies that enable precise, individualized interventions
(Keshner et al., 2023; Tramontano et al., 2025). The vHIT offers real-time, objective assessment of high-
frequency VOR function, quantifying VOR gain during rapid head movements. This tool is instrumental
in distinguishing between acute and compensated vestibular lesions and in monitoring recovery
trajectories (Nowakowski et al., 2023; Desoche et al., 2023). Similarly, CDP provides a quantitative
analysis of postural control by identifying the balance strategies employed and evaluating how the
central nervous system reweights sensory input from visual, somatosensory, and vestibular systems.
These insights are crucial for targeting specific deficits in sensory integration (Brock et al., 2022; Soto-
Varela et al., 2020). As summarized in Table 1, the integration of these diagnostic modalities within
VR-based frameworks enhances ecological validity and enables precision rehabilitation through
individualized, mechanism-driven interventions.

The integration of these diagnostic tools with VR further enhances ecological validity and enables
precision rehabilitation by simulating real-world challenges within controlled, adaptive environments
(Holford et al., 2022; Desoche et al., 2023). In the treatment of Benign Paroxysmal Positional Vertigo
(BPPV), traditional maneuvers such as Epley and Semont remain effective for posterior canal
involvement. However, recent clinical practice has shifted toward more canal-specific strategies, with
maneuvers like the Gufoni and its adaptations being employed for horizontal canal variants, reflecting
a more nuanced understanding of BPPV subtypes (Higashi-Shingai et al., 2023). Although BPPV is a
mechanically driven, peripheral disorder treated primarily by repositioning rather than by technology-
based rehabilitation, it is relevant to the present discussion in two respects: accurate canal-specific
diagnosis increasingly benefits from instrumented and video-based assessment, and a subset of patients
experience residual dizziness after successful repositioning that is amenable to the same mechanism-
based, technology-assisted rehabilitation strategies described below.

Even after successful canalith repositioning, some patients experience residual dizziness, often linked
to central sensitization rather than unresolved peripheral pathology (Tramontano et al., 2021; Holmberg,
2020). This underscores the need to supplement mechanical maneuvers with therapeutic interventions
that address central processing particularly sensory reweighting and cognitive-motor integration. Such
approaches align with evidence-based strategies used for conditions like Persistent Postural Perceptual
Dizziness (PPPD), where lingering symptoms are driven by maladaptive central responses (Faundez et
al., 2025; Mempouo et al., 2021). VR-based rehabilitation serves as an effective modality for delivering
structured multisensory training and controlled exposure to complex stimuli, thereby supporting
desensitization and promoting central adaptation (Heffernan et al., 2021; Tramontano et al., 2025).
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Table 1: Neurophysiological Mechanisms Underpinning Contemporary Vestibular Rehabilitation Therapy

Mechanism Definition / Methods / Neurophysiological Clinical Relevance Key
Goal Approaches Basis References
Essential for
improving visual ~ Tramontano
Enhances  VoRr  Stability during head f(t_ a'-v2§g§5?
i im,
Recalibration gain and dynamic _rnovgments, espe.ually
Head and gaze - LT in unilateral vestibular
. of the VOR to S visual acuity; relies .
Adaptation - stabilization hypofunction.
improve gaze . on cerebellar
e exercises . Example: VORXx1/x2
stability learning S
mechanisms gaze-_stablllzatlon _
exercises. Typical
outcomes: DVA, VOR
gain (vHIT), DHI.
Beneficial in cases of
motion sensitivity and
visually induced
Reduction of . dizziness, such as in
- Systematic Reduces central .
dizziness T PPPD or vestibular
through exposure to _hyperexcnablllty, migraine.  Example: Tramontano
N motion or involves  cortical ' ' et al., 2025;
Habituation repeated . N L graded . :
exoosure  to visual stimuli desensitization and ontokinetic/VR Tangniramai
P . that provoke cerebellar P . etal., 2024
provocative - exposure, motion-
o symptoms modulation - o
stimuli provoking  position
drills. Typical
outcomes: DHI,
VVAS, SVV.
Critical in bilateral
vestibular  loss  or
Sensory persistent  vestibular
Compensation reweighting; Enhances ?gﬁzzgﬁgn; ;lé%?ﬁtrts Liu et al,
for lost or multimodal integration  across Example: balangé 2023;
unreliable balance parietal and cortical traininp .on varied Appiah-
Substitution vestibular training; multisensory surfacegs Kubi et al.,
input via increased use networks; promotes somatosénso isual- 2024;
alternative of visual and neuroplastic cue an dry aze- Xavier et al.,
sensory inputs somatosensory reorganization - g_” 2024
cues subs_tltutlon drills.
Typical outcomes:

CDP/SOT composite,
gait speed, ABC scale.

4 Management of Complex Vestibular Disorders

The evolving paradigm in VRT emphasizes mechanistically informed management of complex central
vestibular disorders such as PPPD, Vestibular Migraine (VM), and functional dizziness (Waterston et
al., 2021; Zamergrad et al., 2024). Although these conditions are frequently grouped together as central
or functional disorders, they differ in their diagnostic criteria, underlying pathophysiology, and
treatment response, and are therefore considered separately below.
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Persistent Postural-Perceptual Dizziness (PPPD)

PPPD s increasingly understood through a biopsychosocial framework, wherein central sensory
processing dysfunction, visual dependency, and postural control deficits are perpetuated by
psychological and attentional factors, including anxiety and sensitivity to visual motion (Zamergrad et
al., 2024; Zastenskaya & Antonenko, 2023). As a result, effective treatment extends beyond peripheral
VRT, integrating habituation, graded sensory exposure, anxiety management, and cognitive-behavioral
therapy (CBT) to reduce perceptual overload and central symptom amplification (Waterston et al., 2021;
Zamergrad et al., 2024). In clinical practice, management typically combines four complementary
elements: habituation training that systematically exposes the patient to provocative head and body
movements; treatment of visual dependence through optokinetic or visually rich environments delivered
in graded fashion; graded exposure to the situations the patient avoids, in order to interrupt the cycle of
avoidance and symptom reinforcement; and CBT to address the anxiety and catastrophic appraisal that
frequently sustain symptoms. VR-based interventions are particularly effective for this population,
offering immersive environments for controlled exposure and cognitive-motor integration training
(Harrell et al., 2022; Mempouo et al., 2021).

Vestibular Migraine (VM)

For VM, physical therapy serves as an adjunct to medical management, with tailored exercise protocols
designed to improve balance, gaze stability, and sensory reweighting without triggering migrainous
symptoms. Combined approaches that include vestibular adaptation and graded exposure, alongside
migraine-specific strategies, have shown benefits in reducing dizziness-related disability (Batinovi¢ et
al., 2024; Suparmin & Indriani, 2022; Lovato et al., 2023). Because VM is distinguished from PPPD by
its episodic nature, its association with headache and other migrainous features, and its responsiveness
to migraine-specific medical therapy, vestibular rehabilitation in this group is best positioned as a
complementary rather than a stand-alone intervention. Trigger management (including sleep, hydration,
and dietary factors) and pharmacological prophylaxis typically precede or accompany exercise, and
exercise progression should be paced carefully to remain within the patient’s symptom tolerance, since
overly aggressive provocation may precipitate attacks. Habituation and adaptation exercises are
introduced gradually and titrated to the patient’s migraine threshold.

Functional Dizziness

Similarly, functional dizziness (also termed functional vertigo) is considered a disorder of central
sensory integration. Multimodal treatment that combines VRT with CBT and anxiety reduction
strategies has been shown to improve outcomes, particularly when focused on gradual environmental
reconditioning and sensory desensitization (Zamergrad et al., 2024; Zastenskaya & Antonenko, 2023;
Waterston et al., 2021). Because functional dizziness, PPPD, and VM share overlapping features yet
differ in their diagnostic criteria and treatment emphasis, accurate differential diagnosis is a prerequisite
for selecting the appropriate combination of vestibular, psychological, and, where indicated,
pharmacological strategies.

Pediatric VRT: Special Considerations

Pediatric VRT presents unique challenges due to rapid developmental changes, comorbid hearing
disorders, and differing attentional capacities (Baque et al., 2020; Peterson & Brodsky, 2022).
Assessments must be developmentally appropriate and engaging, often requiring family-centered
approaches and child-specific functional goals (Duarte et al., 2020). Because attention span, motivation,
and the capacity to follow complex instructions vary with age, exercises are most effective when
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delivered through play-based and gamified formats that sustain engagement, and adherence depends
heavily on active family participation, with caregivers trained to supervise and reinforce home practice.
Immersive technologies should be introduced with particular caution in younger children, taking into
account headset fit, visual maturation, and tolerance to sensory load. For pediatric VM, interventions
should align with academic demands and cognitive load, gradually targeting visual-vestibular
integration and balance control (Hayward et al., 2025; Tarnutzer & Kaski, 2023). In this context,
telehealth and mobile health solutions are proving increasingly valuable for enhancing accessibility and
continuity of care (Tee et al., 2022). An overview of the evolving VRT management strategies across
these diagnostic categories is illustrated in Figure 1.

S P(?stl.u'al-Perceptual Vestibular Migraine Functional Dizziness
Dizziness

7/@‘
Ty Pl i
YadB

'y : @)
Biopsychological Framework: Adjunct to Medical %
Management:
Central Sensory Processing Central Sensory Integration
Visual Dependency Tailored Exercise Protocols Definition:
Anxiety / Attention Factors Balance and Gaze Stability
Sensory Reweighting VRT + CBT
Integrated Treatment: Anxiety Reduction
Combined Approaches: Gradual Environmental Recondi-
Habituation and Graded Exposure tioning
CBT and Anxiety Management Vestibular Adaptation Sensory Desensitization
VR Based Interventions Graded Exposure

Migraine-Specific Strategies

Pediatric VRT: Special Considerations

& & 2

Developmental Changes Family-Centered, Telehealth and Mobile
Comorbidities Child-Specific Goal Health Accesibility

Pediatric VM: Academic Alignment, Visual — Vestibular Integration

Figure 1. Overview of VRT strategies in PPPD, vestibular migraine, and functional dizziness. For each condition,
the figure summarises the conceptual framework (left of each panel) and the corresponding integrated treatment
components and outlines special considerations for pediatric VRT. PPPD: persistent postural-perceptual dizziness;
CBT: cognitive-behavioral therapy; VR: virtual reality; VM: vestibular migraine.

5 Technologically Enhanced Vestibular Rehabilitation

Technologically enhanced VRT increasingly leverages VR, wearable sensors, and telerehabilitation to
deliver mechanistically informed, multisensory, and accessible care (Eryilmaz, 2026¢; Heffernan et al.,
2023; Mempouo et al., 2021; Perez-Heydrich et al., 2024). As illustrated in Figure 2, these integrated
technologies enable controlled manipulation of sensory conflict and task complexity to target key VRT
mechanisms while supporting graded exposure for conditions such as PPPD. Moreover, wearable and
mobile systems facilitate home-based rehabilitation through remote monitoring, individualized dosing,
and objective feedback, whereas telerehabilitation enhances accessibility, continuity of care, and
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patient-centered delivery, demonstrating both feasibility and safety across diverse clinical populations.
VR platforms offer distinct advantages over conventional methods by providing controlled
environments that systematically manipulate sensory conflict and task complexity. This enables precise
targeting of key neurophysiological mechanisms in VRT: adaptation through VOR gain recalibration,
habituation via repeated exposure to symptom-provoking stimuli, and substitution through enhanced
sensory reweighting (Nowakowski et al., 2023; Heffernan et al., 2023; Sana et al., 2023).

&
~
Jo
o
u
Virtual Reality Platforms Wearable Sensors and Mobile Telerehabilitation and
Health Accessibility
Controlled Environments Home Based Rehabilitation Increase Accessibility
Sensory Conflict Manipulation Remote Monitoring Continuity of Care
VOR Adaptation Individualized Dosing Patient — Centered Care
Habituation Adherence Tracking Feasibility and Safety
Substitution Objective Metrics

Graded Exposure (PPPD)

Figure 2. Technologically Enhanced Vestibular Rehabilitation: Mechanisms and Accessibility. The three panels
depict complementary technological domains: virtual reality platforms (which manipulate controlled environments
and sensory conflict to target VOR adaptation, habituation, substitution, and graded exposure for PPPD), wearable
sensors and mobile health (supporting home-based rehabilitation, remote monitoring, individualized dosing, and
adherence tracking), and telerehabilitation (enhancing accessibility, continuity, and patient-centered care while
demonstrating feasibility and safety). VOR: vestibulo-ocular reflex; PPPD: persistent postural-perceptual
dizziness.

Applications of VR in balance training have demonstrated comparable and in some studies potentially
superior, efficacy to traditional VRT in improving postural stability and gait across vestibular and
neurological populations (Sana et al., 2023; Sessoms et al., 2021). Importantly, VR enables the creation
of graded exposure environments that are especially beneficial for patients with conditions such as
PPPD, allowing systematic desensitization to visually complex or motion-rich stimuli in a safe and
controlled setting (Mempouo et al., 2021; Park & Lee, 2023).

Wearable technology and mobile VR platforms facilitate the extension of high-fidelity rehabilitation
into the home, enhancing accessibility and promoting patient-centered care (Perez-Heydrich et al.,
2024). Remote monitoring via wearable sensors supports adherence tracking and individualized dosing,
while studies confirm the feasibility and safety of home-based VRT programs (Tee et al., 2022; Perez-
Heydrich et al., 2024). Real-time biofeedback from head-mounted displays and integrated motion
sensors further anchor therapy in objective metrics, providing immediate feedback on gaze stabilization,
posture, and movement quality for both patients and clinicians (Nowakowski et al., 2023; Brock et al.,
2022).

6  Discussion

The ongoing shift in VRT toward a technologically enhanced, mechanistic model is increasingly
supported by randomized controlled trials demonstrating its clinical efficacy (Sana et al., 2023;
Heffernan et al., 2021). Comparative studies of VR-based and conventional VRT in populations such as
individuals with subacute stroke and concussion report comparable, and in some cases potentially
superior, outcomes in balance, gait, and dizziness reduction with VR interventions (Sessoms et al., 2021;

Journal of Innovative Healthcare Practices (JOINIHP) 7(2), 173-186, 2026 180



Muhammed Celal Eryilmaz
Scientific and Technological Transformation in Vestibular Rehabilitation: Neurophysiology-Based...

Sana et al., 2023). Meta-analyses further indicate that VR-enhanced VRT offers significant functional
gains across both peripheral and central vestibular disorders, attributable to its immersive, multisensory
environments, increased task complexity, and enhanced ecological validity (Hazzaa et al., 2023; Sana
et al., 2023). The strength of this evidence, however, is not uniform across diagnoses. Relatively more
consistent support exists for VR-based and conventional VRT in unilateral peripheral hypofunction and
in PPPD, where graded visual-vestibular exposure has a clear mechanistic rationale, whereas the
evidence base for vestibular migraine and for pediatric populations remains thinner and more
heterogeneous. Moreover, several of the supporting trials are small-scale pilot or feasibility studies (e.g.,
Sessoms et al., 2021; Sana et al., 2023), characterised by limited sample sizes, heterogeneous
populations, varied outcome measures, and short follow-up periods. These findings should therefore be
interpreted with appropriate caution, and claims of superiority over conventional VRT remain
provisional pending larger, adequately powered, and longer-term randomized controlled trials. VR is
consequently best regarded at present as a promising complement to, rather than a replacement for,
established vestibular rehabilitation, with patient selection (disorder type, symptom severity,
susceptibility to visual provocation, and cognitive capacity) guiding its use.

Precision rehabilitation is facilitated by objective diagnostics that guide individualized intervention. The
VHIT enables canal-specific quantification of high-frequency VOR responses, informing targeted gaze
stabilization protocols. VR systems can provide real-time VOR biofeedback, further optimizing adaptive
training (Nowakowski et al., 2023; Desoche et al., 2023). Likewise, CDP quantifies sensory weighting
and balance strategies, offering data to personalize the sequencing and progression of sensory and motor
challenges within the VR environment (Brock et al., 2022; Gawronska et al., 2023). This integration
allows therapy intensity, sensory conflict, and cognitive load to be calibrated according to each patient’s
functional and neurophysiological profile (Keshner et al., 2023; Holford et al., 2022). This diagnostic-
driven model of individualization parallels a broader movement in rehabilitation medicine toward
biologically and computationally informed personalization, in which genetic, epigenetic, and Al-derived
indices are increasingly used to calibrate exercise dosage, progression, and feedback to the individual
patient (Eryilmaz, 2026b).

The effective management of complex vestibular disorders increasingly relies on interdisciplinary
collaboration. Physical therapists apply expertise in sensorimotor control and vestibular mechanisms,
audiologists provide detailed vestibular diagnostics such as vHIT, and neurologists address central
causes including VM and related comorbidities. Given the high prevalence of anxiety, fear-avoidance
behavior, and cognitive-emotional dysfunction in conditions such as PPPD and chronic dizziness, the
involvement of psychologists or mental health professionals is essential for comprehensive care
(Waterston et al., 2021; Zamergrad et al., 2024).

Translating these tools into routine practice requires linking assessment findings to concrete intervention
decisions. In principle, vHIT can identify the affected canal and the side and degree of VOR deficit,
thereby directing the plane and intensity of gaze-stabilization (adaptation) exercises, while CDP can
characterise which sensory channel a patient over- or under-relies upon, informing the sequencing of
somatosensory- and visual-conflict conditions during sensory reweighting training. For PPPD, VR
exposure is generally introduced at a low intensity of visual motion and advanced gradually as tolerance
improves, whereas in vestibular migraine the same exposures are paced against the migraine threshold
to avoid provocation. In telerehabilitation and home-based programmes, patient safety and fall
prevention must be planned explicitly, for example through caregiver supervision, a safe exercise
environment, and clear criteria for seeking in-person review, so that autonomy does not come at the
expense of safety.
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Limitations, Safety, and Implementation Challenges

Despite its promise, the technological transformation of VRT raises several practical and
methodological challenges that temper the optimism of the current literature. First, immersive VR can
itself provoke symptoms: visually induced motion sickness, or “simulator sickness” (nausea,
disorientation, and visual fatigue), is a recognised adverse effect, which is particularly relevant in a
population already sensitive to visual-vestibular conflict and which may limit tolerability or necessitate
careful dose titration (Heffernan et al., 2021; Sana et al., 2023). Second, fall safety is a genuine concern
when balance-challenging exercises are performed with a head-mounted display that restricts vision of
the real environment, especially in older adults, for whom supervision, safe-environment set-up, and
graded progression are essential (Soto-Varela et al., 2020; Tee et al., 2022).

Third, home-based and remote delivery, although it improves access and adherence, introduces
challenges for clinical oversight: reduced direct supervision can make it harder to detect incorrect
exercise performance, manage adverse responses promptly, and maintain engagement over time, so
robust remote-monitoring and follow-up pathways are required (Perez-Heydrich et al., 2024; Kriz et al.,
2024; Harrell et al., 2022). Fourth, wearable sensors and mobile platforms raise questions of data
security, privacy, and measurement validity; clinical decisions based on consumer-grade devices require
that the underlying metrics be adequately validated and that patient data be handled securely (Tee et al.,
2022; Perez-Heydrich et al., 2024). These concerns parallel those raised in technology-supported
neurorehabilitation, where unsupervised safety monitoring and robust data privacy/security protocols
have similarly been identified as prerequisites for translating device-based interventions into
sustainable, home-based care (Eryilmaz, 2026a). Fifth, the cost of VR hardware and instrumented
assessment tools such as CDP, together with the need for clinician training and technical support, may
constrain adoption, and these technologies risk widening disparities in care if they remain concentrated
in well-resourced centres while access is limited in lower-resource settings (Keshner et al., 2023; Perez-
Heydrich et al., 2024). Finally, in pediatric populations, attention, adherence, and the central role of
family involvement further influence feasibility and outcomes (Baque et al., 2020; Duarte et al., 2020;
Peterson & Brodsky, 2022). A formal evaluation of cost-effectiveness, against these benefits, was
beyond the scope of this narrative review and represents an important direction for future health-
economic research.

7  Conclusion

The transformation of VRT into a mechanistically driven, multisensory, and technologically integrated
discipline reflects a broader commitment to precision, personalization, and evidence-based care.
Grounded in neurophysiological principles and supported by objective diagnostics and immersive tools
like VR, contemporary VRT now addresses not only peripheral deficits but also central processing
dysfunctions and cognitive-emotional comorbidities. A growing body of randomized and clinical
evidence supports the efficacy of this approach, with the most consistent benefits to date reported for
unilateral peripheral hypofunction and for PPPD, where graded visual-vestibular exposure delivered
through VR has a clear mechanistic rationale; the evidence for vestibular migraine and pediatric
populations is more preliminary. Where measurable gains have been demonstrated, they have most often
involved improvements in balance, gait stability, gaze stabilization, and dizziness-related disability,
assessed with tools such as vHIT, CDP, and validated dizziness and balance outcome measures.
Importantly, much of the supporting evidence derives from small pilot studies with short follow-up, so
current conclusions remain provisional. As interdisciplinary collaboration deepens and technology
continues to enhance access and adaptability, this evolving paradigm holds promise for improving
functional outcomes and quality of life in individuals with vestibular dysfunction, provided that its
adoption is matched by attention to safety, cost, and equitable access. Future research should prioritise
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larger, adequately powered, multicentre randomized controlled trials with longer-term follow-up; the
definition of optimal VR dose-response parameters (intensity, frequency, and duration of exposure); the
identification of which patient subgroups benefit most; and health-economic evaluation of cost-
effectiveness and real-world implementation, including in lower-resource and pediatric settings.
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