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I. VR-based therapy | Context
Visual-vestibular interaction, deficits, and rehabilitation

Roberts et al., Adv. Clin. Neurosci. Rehab. 2016.

Balance expertise. From 
multisensory interactions to 

balance motor control. 

Highliner in Vercors
mountain (near Grenoble). In 

the normal state visual and 
vestibular signal combine to 

provide estimates of self-
versus visual-world motion. 

Balance deficit. From sensory 
degradation to motor deficiency. 

Vestibular patient during a opto-
kinetic stimulation session (PIVVIIT 
Project). Following acute vestibular 
loss, the imbalance of inputs from the 
vestibular system results in an 
unreliable vestibular signal. Therefore 
during this period the brain relies 
more heavily on visual information.
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I. VR-based therapy | Rationale
Virtual Reality for balance rehabilitation

1. Rehabilitation based on Opto-Kinetic Stimulation

 Reduce the “visual addiction”

 Restore the visual-vestibular interaction

2. VR immersion trigs balance perturbations

 Multi-sensory stimulation

 Sensory compensation/substitution

3. Vestibular patients develop reactive/compensatory sensory-
motor strategies against visual vection to control balance 

 Reduction of the visual dependence

4. In VR, the visual-postural task difficulty is easily tunable

 Images/stimulation complexity, flows speed, gaze-anchor, spatial 
reference, motor task (standing/walking), … to change the balance task 
difficulty.

 The ‘PIVVIT Project’ …
(Plateforme d’Immersion Visuelle Virtuelle Thérapeutique)

The PIVVIIT Project, VR-based opto-
kinetic therapeutic platform – A.
CHU-Grenoble-Alpes. B. GIPSA-lab).

A.

B.
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I. VR-based therapy | Methods
VR-based balance rehabilitation - The PIVVIT Project

The PIVVIIT VR platform (GIPSA-lab).

CoP

Y

X

Visual virtual immersion
– Computed images
– Rich stimuli possibilities, ecologically relevant
– 2D-3D motion flows (+ Realistic scenes)
– Postural reactions and balance changes
– Innovative approach

Computerized sessions
– Calibrated protocols
– Recording and scoring patient’s responses
– Recording patient’s history (sessions)

Material
– PC, graphic card + 120Hz video-projector + Transparent screen
– Balance Board  Center of Pressure position (CoP)
– Electrooculography (EOG)  eyes movements, gaze
– Stimulation and data analysis software (massive database)

Balance data analysis
– CoP trajectory length
– DI (Disequilibrium indicator)  Detected weight loss (> 5%) : 

Hand supports, falls and step off
– ANOVA Multi-factorial design:

Anchor(2) x Session(4) x Speed(6) x Stimuli(5)
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I. VR-based therapy | Methods
Protocol

Clinical trial
− NET clinic CHUGA, Grenoble Univ. Hosp.
− Ethics : voluntary & informed patients
− Included in the patients care process

Patients
− 5 females, 4 males; 42-64 y.o
− With visually-induced dizziness (unilateral areflexia, 

chronic recurrent dizziness, vestibular neuritis)

Visual stimuli
− 6 Stimuli speed (ratio from 30 to 280)
− Optic flows : 2D scrolls (Up, Down) ; 2D Rotations 

(Clockwise, Counterclockwise) ; 3D Expansion 
(Forward) ; (cf. vidéos)

− Standardized OKS scenarii and optimized for 
efficiency on healthy subjects and patient

Gaze anchor 
− Visuo-spatial reference 
− With GA : session 1-4
− Without GA : session 5-8
− [With : session 9 ; Without : session 10]

Balance data analysis
– CoP trajectory length
– DI (Disequilibrium indicator)  Detected weight 

loss (> 5%) : Hand supports, falls and step off
– ANOVA Multi-factorial design:

Anchor(2) x Session(4) x Speed(6) x Stimuli(5)

With gaze anchor Without gaze anchor

Rotation (clock, cc)

Scroll (up, down, [left/right])Rest
(without gaze anchor)

Expansion (forward)
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OFF - Rest (5 sec)OFF - Rest (5 sec) Visual stimulation ON = Flow (15 sec)

 Trial = Visual stimulation
• Rest – Flow – Rest
• Rest: 5 + 5 sec. ; Flow: 15 sec.
• 25 sec.

 Serie = 8 Flow stim.
• 8 trials (flows stim.)
• 5 different stimuli (flow)
• 3 min. 20 sec.

 Session = 6 Speed
• 8 trials x 6 speed = 48 trials
• 30 min. 

 Stages = 2 Difficulties
• With/Without gaze anchor
• 4 sessions WITH (1-4)
• 4 sessions WITHOUT (5-8)
• (48 trials x 4) x 2 = 384 trials
• 1 or 2 sess./week, 1 to 2 month

I. VR-based therapy | Methods
Protocol – Step-by-step !

rT1 rr T2 rr T3 rr T4 rr T5 rr T6 rr T7 rr T8r

Flow speed 1
(30)

Flow speed 2
(80)

Flow speed 3
(130)

Flow speed 4
(180)

Flow speed 5
(230)

Flow speed 6
(280)

r r r r r

Session 1
With GA

Session 2
With

Session 3
With

Session 4
With

Session 5
Without GA

Session 6
Without

Session 7
Without

Session 8
Without

 Phases = Validation 
• “Proof of concept”
• “Proof of non-inferiority” 
• 8 Pivviit OKS sess.
• [8 Standard OKS sess.]

 Pivviit-based optokinetic stimulation
 Clinical trial.

 Standard optokinetic stimulation
 Rehabilitation sessions.

Vs.
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I. VR-based therapy | Results
CoP Trajectory and DI vs. Speed and Sessions 

Fig. 1. CoP trajectories. Median, quartiles, and mean values regression plotted when stimuli speed is
increasing (data for a representative patient; All conditions ; Speed value given in screen geometric
arbitrary unit, Increasing value: 50+). Significant speed effect on CoP trajectory : Length ~ 167cm +
60cm x speed% (p<0.001)

Fig. 2. CoP trajectories plotted for sessions (one per week). Session 1-4 with visual anchoring, 5-8
without anchoring. Significant sessions effect : Length1-4 : p < 0.001. Length5-8 : p < 0.001. Significant
anchor effect: Delta Sessions4-5 = 107 cm (p < 0.001). Delta Sessions1-5 = ns. Delta Sessions4-8 = ns.

Fig. 3. Disequilibrium Indicator. Median, quartiles, and mean values regression plotted when stimuli
speed is increasing (data for a representative patient; all conditions ; Speed value given in screen
geometric arbitrary unit, Increasing value: 50+).). Significant speed effect on disequilibrium: DI ~ … + … x
speed% (p<0.001).

Fig. 4. Disequilibrium Indicator plotted for sessions (one per week). Session 1-4 with visual anchoring,
5-8 without anchoring. Significant sessions effect: DI1-4 = … - … x Session (p < 0.001). DI5-8 = … - … x
Session (p < 0.001). Significant anchor effect: Delta Sessions4-5 = p < 0.001. Delta Sessions1-5 = p < 0.01.
Delta Sessions4-8 = p < 0.01.

With GA Without GA

With GA Without GA
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I. VR-based therapy | Discussion - Conclusion – Perspectives

Discussion

1. Recovery of functional balance reactions in response to virtual vsisual immersion  rehab. strategy

1. Positive impact of the VR-based immersive protocol

2. Therapeutic effect of the stim. characteristics (flow speed, visual anchor, stim.)

3. Adaptation through sessions (long-term potentiation effects (weeks))

4. Reduction of the visual-dependency (Motivation for patients !)

2. At a neuro-behavioural level, results demonstrate a real neuro-sensorimotor flexibility despite the deficits in vestibular 
signal  Neural plasticity for the reciprocal inhibition restoration

1. On-line sensorimotor transformation 

2. Reduction of the visual sensibility (VOR/OKN and brainstem ocular/vestib. nuclei threshold ; V5/MT excitability  efMRI Project ?)

3. Reweighting of the visuo-vestibular compensation (short- Vs. long-term effects ?)

Conclusion
 Efficiency of the virtual immersive rehab. for balance diagnosis, therapy and re-learning

 Experimental, practicable and clinical validation ; proof of concept !
[AAP « Challenge Out Of Labs » – SATT Linksium, 8ème édition, nov. 2019 => Without success  !!! ]

Perspectives
 Increase the patient’s “immersivity” for a real-time interaction (HMD devices with MOCAP)

 Patients database for innovative analysis

 Explore the “sensory input - motor output” function from the Control Theory approach  …
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Part II. TF modelization of adaptive balance control | Context & Method
The transfer function (TF) approach

A. INPUT FUNCTION
Sensory Stimulation Characteristics

Visual Signal (+ vestib. signal)
xy co-ordinates of visual flows

B. TRANSFER FUNCTION
Identif./estim. of TF param.

CONTROL PARAMETERS
Sensorimotor transformation

Cognitive regulation

C. OUTPUT FUNCTION
Motor commands characteristics

Balance Control Data
xz co-ordinates of CoP

CoPz x

y1(z)

y2(x)

Synthetic relational model between the input function (A. Visual stimulation with x-y decomposition for the Up condition), the transfer function (B. Control system
parameters) and the output function (C. Balance control data measurement with x-z co-ordinates of the CoP trajectory). The general neurobehavioral control model of
human balance (inspired from the control theory models) considers that the stabilizing motor commands depend on the characteristics of visual signals. The transfer
function (TF) identifies the parameters of the relation between the input function related to the visual stimulation, and the output function related to the balance data.

The Visual-Postural 
Transfer Function

Time (sec)

u
1

(x
)

u
2

 (
y)

x
y

 Explore the “sensory input – cognitive regulation - motor output” relationship (function) 
from the Control Theory approach …
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II. TF modelisation of adaptive balance control | Preliminary Results
TF fit and frequency analysis

Table 1. Fit values (in percentage) for the identified models of session 1 and session 3, for visual
flow speed 1 and visual flow speed 6.

Bode diagram. Comparison between session 1 and session 3, for flow speed 1, for ��� magnitude.

Table 2. Values of steady state gain, bandwidth frequency, resonance frequency and damping factor for the
identified models of session 1 and session 3.

TF fit values analysis
 TF Approximations appropriate to characterize 

the improvement of balance motor command, 
from visual-vestibular stimulation. 

TF frequency analysis through sessions 
(relationship between TF frequency param. and balance 
param.)

 Gain analysis (system sensitivity)
– Output (balance control) Vs. Input (visual stim.)
– Gain reduction (balance stabilization)

 Bandwidth Freq. (~ speed stimulation effect)
– BWF increases

 Resonance (gain amplif. at specific freq. (RF))
– RF light increase
– Damping Factor decreases (linked to RF, balance 

less damped)

Fit for ��,	Up stimulus, session 1, flow speed 1, ��	saw tooth. Fit for ��,	Up stimulus, session 3, flow speed 1, ��	saw tooth.
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II. TF modelization of adaptive balance control | Discussion - Conclusion

Discussion

Correlation between the TF parameters Vs. Balance control
characteristics

 Modification of the TF parameters associated to balance
control improvement.

 Identified parameters representative of the restoration of the
visual-vestibular interaction (reciprocal inhibition).

 Suitability of TF model to certify VR-based rehab.

Conclusion

 TF models could potentially estimate the restoration/deficits
of sensorimotor controls, and could give valuable prognostic
and diagnostic indicators.

 Development of specific control theory models for evaluation
of precurseurs indicators of the balance efficiency and
rehabilitation protocol reliability.

Voda A., Martin O., Naves Neto P., Gascuel JD., Schmerber S.
Visual-vestibular compensation in balance recovery: A transfer
function model-based analysis. 8th IFAC-FOSBE Conference on
Foundations of Systems Biology in Engineering, Oct 2019,
Valencia, Spain. pp.1-6. [https://hal.archives-ouvertes.fr/hal-
02371059]
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Thanks to participants and partners …

• All patients !

• Grenoble University Hospital – NET Clinic

• Center for Clinical Research & Innovation  (DRCI-CHUGA) (grant #1025)

• INRIA Grenoble Rhône-Alpes (grant ADT-PERQUAM)

Thank you for your attention !
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