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Considering the emerging advantages related to virtual
reality implementation in clinical rehabilitation, the aim
of the present study was to discover possible (i)
improvements achievable in unilateral vestibular
hypofunction patients using a self-assessed head-mounted
device (HMD)-based gaming procedure when combined
with a classical vestibular rehabilitation protocol
(HMD group) as compared with a group undergoing only
vestibular rehabilitation and (ii) HMD procedure-related side
effects. Therefore, 24 vestibular rehabilitation and
23-matched HMD unilateral vestibular hypofunction
individuals simultaneously underwent a 4-week
rehabilitation protocol. Both otoneurological measures
(vestibulo-ocular reflex gain and postural arrangement by
studying both posturography parameters and spectral
values of body oscillation) and performance and self-report
measures (Italian Dizziness Handicap Inventory; Activities-
specific Balance Confidence scale; Zung Instrument for
Anxiety Disorders, Dynamic Gait Index; and Simulator
Sickness Questionnaire) were analyzed by means of a
between-group/within-subject analysis of variance model.
A significant post-treatment between-effect was found, and
the HMD group demonstrated an overall improvement in
vestibulo-ocular reflex gain on the lesional side, in
posturography parameters, in low-frequency spectral

domain, as well as in Italian Dizziness Handicap Inventory
and Activities-specific Balance Confidence scale scores.
Meanwhile, Simulator Sickness Questionnaire scores
demonstrated a significant reduction in symptoms related
to experimental home-based gaming tasks during the HMD
procedure. Our findings revealed the possible advantages
of HMD implementation in vestibular rehabilitation,
suggesting it as an innovative, self-assessed, low-cost, and
compliant tool useful in maximizing vestibular rehabilitation
outcomes. International Journal of Rehabilitation Research
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Introduction
Vestibular rehabilitation uses central neuroplasticity

mechanisms (adaptation, habituation, and substitution) to

increase static and dynamic postural stability and improve

visuovestibular interactions in situations that generate

conflicting sensory information (Bergeron et al., 2015).
Moreover, it may improve static and dynamic balance and

gait, reducing symptoms of dizziness and comorbid

depression and anxiety, and ultimately resulting in

increased self-confidence and quality of life in sufferers

(Bergeron et al., 2015). However, many factors have been

seen to negatively affect the outcome of vestibular

rehabilitation, including incorrect performance of the

exercises and the need for active efforts and the interest

of the patient (Norre and de Weerdt, 1980; Bergeron

et al., 2015). For instance, this is particularly clear in

chronic unilateral vestibular hypofunction (UVH) in which

an impaired function of the vestibular system can cause

retinal slip and decreased dynamic visual acuity (DVA),

leading to gaze instability and blurred vision during head

rotation (Herdman et al., 2003).

Considering the disadvantages originating from generally

poor patient compliance related to the time-consuming,

repetitive, and monotonous aspects of vestibular rehabi-

litation (Bergeron et al., 2015; Hsu et al., 2016), more

efficient and cost-effective types of virtual reality-based

treatments were proposed as a potential alternative

(Bergeron et al., 2015).

Virtual reality systems can be equipped with real-time

simulations, interactive functions, and game features to

enable adaptation, habituation, and substitution exercises

for more motivated vestibular rehabilitation (Whitney

et al., 2006). Vestibular rehabilitation based on virtual

reality systems proved to be an effective treatment

modality for mild traumatic brain injury, in treating
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persistent unsteadiness in vestibular disorders (e.g. acute

vestibular neuritis and Meniere’s disease) (Whitney et al.,
2006; Gottshall et al., 2012; Sparrer et al., 2013; Yeh et al.,
2014; Hsu et al., 2016), in gaze stabilization exercise

training in UVH patients (Chen et al., 2012), and in desensi-

tizing patients to diverse disorienting visual stimuli (Hsu et al.,
2016).

In the field of gesture-based interaction systems, head-

mounted displays (HMD), because of their proximity to

the eye, offer images at a high resolution (Gatica-Rojas

and Mendez-Rebolledo, 2014) and can follow the user’s

movements, making them feel like a part of the environ-

ment created by the computer (Monge Pereira et al., 2014).

To date, no study has been conducted by implementing

classic vestibular rehabilitation procedures with HMD-

based protocols (Bergeron et al., 2015). Considering pre-

vious works (Herdman et al., 2003; Chen et al., 2012)
demonstrating gaze stabilization exercises as a valuable

training method for improving visual acuity by increasing

vestibulo-ocular reflex (VOR) gain, the aim of this study

was (i) to discover possible improvements achievable by a

patient-friendly, low-cost, and domestic HMD-based

head movement procedure when combined with a classi-

cal vestibular rehabilitation protocol in a randomized study

involving UVH patients, and (ii) to indicate possible HMD

procedure-related side effects, such as motion-sickness and

cyber-sickness.

Patients and methods
Patients

Fifty-one right-handed patients affected by right chronic

UVH participated in the study. According to accepted

criteria (Hall et al., 2016), the diagnosis of chronic UVH

was achieved by responses to bithermal water caloric

irrigations, with at least 25% reduced vestibular response

on one side (Hall et al., 2016) when calculated by means

of Jongkees’ formula (Jongkees, 1965; Candidi et al.,
2013) after at least 3 months from the onset of symptoms

(Hall et al., 2016).

According to a computer-generated randomization sche-

dule, UVH patients were divided into two matched

groups in terms of age, sex, BMI, pathology, and cause of

vertigo (see flow chart in Fig. 1). Both patient groups

underwent vestibular rehabilitation, whereas only the

experimental group also underwent the home-based

HMD protocol (HMD group).

The study adhered to the principles of the Declaration of

Helsinki, and all participants provided written informed

consent after receiving a detailed explanation of the

study, which was approved by the Ethical Committee.

After a thorough clinical otoneurological examination

(Micarelli et al., 2016), 1 week before and 1 week after

the period of treatment all UVH patients underwent the

following tests:

Otoneurological testing

Video head impulse testing
For video head impulse test (vHIT) measurements the

EyeSeeCam System (Interacoustics, Middelfart, Denmark,

USA) (Schneider et al., 2009) and the technique proposed in

previous studies (Blodow et al., 2013; Micarelli et al., 2016)
were used. As per the instructions of the software manu-

facturer (OtoAccess, Interacoustics, Middelfart, Denmark,

USA), the median values of both sides recorded at 60ms

were extracted on a .xls file for raw analysis. Following pre-

vious procedures (Blodow et al., 2013; Micarelli et al., 2016,
2017), the diagnosis of UVH was confirmed in the present

cohort in case of gain below 0.83, calculated as the lower

cutoff value of the gain-reference range [meannormal±2
(SD)=0.91±2(0.04)], incorporating 95% of the healthy

population, age-matched and sex-matched with the current

population of patients (Blodow et al., 2013), and regarding 87

normal volunteers in our laboratory.

Static posturography testing
Each patient was instructed to maintain an upright position

on a standardized platform for static posturography (EDM

Euroclinic, MEDI-CARE Solutions, Bologna, Italy). The

recording period was 60 s for each test (eyes closed or opened

while standing on the stiff platform) and the sampling fre-

quency was 25Hz (Alessandrini et al., 2006). The posturo-

graphy parameters considered in our study were the trace

length, the surface of the ellipse of confidence, and the

fast Fourier transform (FFT) elaboration of oscillations on

both the X (right–left) and Y (forward–backwards) planes

(Alessandrini et al., 2006). According to previous experiences

(Alessandrini et al., 2006; Micarelli et al., 2016), spectral

values (power spectra) of body oscillations were subdivided

into three groups: 0.01–0.70Hz (low-frequency interval);

0.70–1.00Hz (middle-frequency interval); and 1.00–5.00Hz

(high-frequency interval). Normative data for posturography

parameters and FFT results gained by means of the present

procedure in the age-matched and sex-matched healthy

population are reported in previous experiences (Micarelli

et al., 2017).

Self-report and performance measures

(1) The Italian Dizziness Handicap Inventory (DHI)

(Nola et al., 2010) consists of 25 questions designed to

assess a patient’s functional (nine questions), emo-

tional (nine questions), and physical (seven ques-

tions) limitations.

(2) The Activities-specific Balance Confidence (ABC)

scale was used to record the patient’s perceived level

of balance confidence during 16 everyday activities

(Alahmari et al., 2014; Herdman et al., 2015) ranging
from 0 to 100%.
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(3) The Zung Instrument for Anxiety Disorders is a

20-item scale with some of the items keyed positively

and some negatively (Alessandrini et al., 2014).
(4) The Dynamic Gait Index examined the patient’s ability

to perform various gait activities on an eight-item scale

(Wrisley et al., 2003; Alahmari et al., 2014; Herdman

et al., 2015).

Finally, only the experimental HMD group was evaluated

by means of the Simulator Sickness Questionnaire (SSQ),

which was used to record the severity of 16 different

symptoms across three subscales: nausea, oculomotor stress,

and disorientation (for details, see Alahmari et al., 2014).
The sum of the scores for each subscale was computed day

by day after the self-assessed HMD procedure, and the

research team calculated a weekly mean.

Vestibular rehabilitation protocol

Balance system functions, causes of dizziness, and ratio-

nale and contraindications for performing the exercises

were explained during the training component. Patients

were actively involved in adapting the exercise program

to suit their symptoms, capabilities, and lifestyle. Following

previous protocols (Giray et al., 2009; Herdman et al., 2015),
the home exercise program included a patient-tailored com-

bination of adaptation (without and with the target moving

in pitch and yaw planes for 1min each three times per day),

substitution, habituation, and balance exercises, and all

chronic UVH patients belonging to both vestibular rehabili-

tation and HMD groups were seen in the clinic twice a week

for 4 weeks for 30–45min and monitored for adherence.

Between supervised sessions, patients did a twice-daily home

exercise program for a total of 30–40min/day.

Apparatus and head-mounted device-based vestibular

rehabilitation session description

Track Speed Racing 3D game was run on the 5.2′ display
of a Windows Phone (Lumia 930, Windows 10 Mobile,

Microsoft Corporation, Redmond, Washington, USA) after its

accommodation into the HMD ‘Revelation’ 3D VR Headset

Fig. 1

Flow diagram of participants in the study, randomization procedure, and main outcomes. HMD, head-mounted device; VR, vestibular rehabilitation.
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(length×width×depth=140×105×64mm, weight=165 g,

Fig. 2a; Chinavasion, Shenzhen, China). The HMD device

had a field of view of ∼110° diagonally, and the viewing

lenses were self-adjusted to correct for any refractive errors in

each participant. Thus, it was self-adjusted everyday in terms

of head band length, interpupillary distance, and focal depth

of spherical resin lens by the patients, who were specifically

trained in the clinic at the beginning of the protocol. Each

HMD group patient was instructed to perform the game

protocol uninterruptedly for 20min/day, while sitting on a

chair or sofa. The Track Speed Racing 3D game consisted of

a point-of-view race (Fig. 2b) in which the car is steered from

the cockpit by tilting the head to the left and to the right to

avoid swerving off the road and to achieve all the goals before

finishing the lap (Fig. 2c and d). During this real car experi-

ence with a true-to-life automotive journey, the visual back-

ground and the scenario change perspective according to

the patients’ left or right tilted head movements, possibly

emulating eye–head exercises that induce visual-vestibular

conflicts. Compliance, supervision of correct adjustment, and

performances of the patients were evaluated every week by

the trainers in the clinic.

Data handling and statistical analysis

The χ2-test was carried out to define associations

between categorical factors and both groups. Mean and

SDs of otoneurological and SRM/PM scores before and

after a 4-week period of treatment were calculated in

both vestibular rehabilitation and HMD groups as well as

mean and SDs of SSQ (and relative weekly subscale

scores) only in the latter. To assess whether data were of

Gaussian distribution, the D’Agostino K2-normality test

was applied (where the null hypothesis is that the data

are normally distributed).

A mixed analysis of variance was performed with group as

between factor and pretreatment and post-treatment

otoneurological and self-report/performance measure (SRM/

PM) variables as within-subject factors. Age, disease duration

(months), and sex were treated as continuous and categorical

predictors. The significant cutoff level (α) was set at a P value

of 0.05. To avoid family-wise error, Bonferroni’s correction for

multiple comparisons was used for post-hoc test of significant

main effects (STATISTICA 7 package forWindows, StataSoft

Inc., Palo Alto, California, USA).

Results
Patients

Among the 51 enrolled patients, two were using anti-

depressant drugs, one did not report VOR gain below the

calculated reference range when undergoing vHIT, and

one reported a history of diabetes. These patients were

therefore excluded. Therefore, after the randomization

procedure of 47 eligible UVH patients the vestibular

rehabilitation andHMD groups consisted of 24 and 23 UVH

Fig. 2

(a, b) A participant wearing the head-mounted display and first point of view of gaming task in upright position, respectively. (c, d) A participant
wearing the head-mounted display and first point of view of gaming task in rightward head-tilted position.
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individuals, respectively. Table 1 depicts the main socio-

demographic variables of the patients in the two groups.

Otoneurological testing

When comparing pretreatment posturography parameters

and spectral values as well as VOR gain, no between-group

effect was found.

Bonferroni-corrected post-hoc comparison found a significant

reduction in surface during eyes closed (P=0.0039), in length

during eyes closed (P=0.003), and in length during eyes

opened (P=0.0026) conditions in HMD when compared

with the vestibular rehabilitation group (Table 2).

In the field of FFT analysis, the HMD group showed a

significant reduction in power spectra values in eyes

closed and eyes opened conditions on X (P= 0.0021 and

0.0028, respectively) and Y (P=0.0032 and 0.0035, respec-

tively) planes in the low-frequency interval when compared

with the vestibular rehabilitation group.

Regarding the vHIT analysis of VOR gain in the lesional

side, a significant (P= 0.0031) post-treatment VOR gain

improvement was found in HMD when compared with

the vestibular rehabilitation group (Table 2 and Fig. 3).

Self-report and performance measures

When comparing SRM and PM values at baseline no

between-group effect was found.

Bonferroni correction for multiple comparisons found

significant post-treatment between-effect changes in func-

tional, physical, emotional, and total DHI (P=0.0034, 0.0037,

0.0028, 0.002, respectively) and ABC (P=0.0036) scores

in HMD when compared with the vestibular rehabilitation

group (Table 2).

In the HMD group the within-subject analysis of SSQ

scores demonstrated a significant reduction in symptoms

related to nausea, oculomotor stress, and disorientation

when comparing first versus second (P= 0.0038, 0.0031,

0.0035, respectively), first versus third (P<0.001, P=0.0024,

P=0.0027, respectively), and first versus fourth (P<0.001)

weeks’ scores (Table 3).

Discussion
A part of the intervention for people with vestibular disorders

is to perform exercises that include visual-vestibular and/or

somatosensory-vestibular conflict (Herdman, 1989; Herdman

et al., 2001b). Visual information can be altered by asking

patients to perform exercises in visually enriched environ-

ments (Herdman, 1989; Herdman et al., 2001b; Pavlou et al.,
2012; Alahmari et al., 2014). The difficulty of the training

can be increased by adding vestibular stimulation such as

incorporating head movements (Alahmari et al., 2014).

Table 1 Sociodemographic and etiological aspects of head-
mounted device and vestibular rehabilitation patients

HMD (n=23) VR (n=24) χ2

Male (n) 14 13 0.41
Female (n) 9 11
Age (years) 49.72 ±10.34 50.48 ± 9.12
DD (months) 9.91 ±2.15 9.37 ± 1.55
BMI (kg/m2) 23.92 ±2.7 24.13 ± 2.86
Etiology
Neuronitis 14 13
AN 4 5
Previous petrous surgery 2 3
Previous cochlear surgery 2 1
Ramsay Hunt syndrome 1 2

AN, acoustic neuroma; DD, disease duration; HMD, head-mounted device;
VR, vestibular rehabilitation.

Table 2 Significant post-treatment between-group effects of main otoneurological and self-report and performance measure variables in
head-mounted device and vestibular rehabilitation groups

HMD pretreatment HMD post-treatment VR pretreatment VR post-treatment

Mean SD Mean SD Mean SD Mean SD Significance

Ipsilesional VOR gain 0.62 0.04 0.73 0.03 0.61 0.03 0.67 0.04 F(1,45)=193.23, P<0.001
Low-frequency interval PS
CE X 8.53 1.9 6.5 1.44 8.41 1.43 7.6 1.58 F(1,45)=26.323, P<0.001
CE Y 8.36 1.75 6.05 1.51 8.19 1.82 7.29 1.86 F(1,45)=61.844, P<0.001
OE X 5.55 0.49 4.73 0.55 5.66 0.46 5.38 0.46 F(1,45)=35.049, P<0.001
OE Y 4.79 0.36 3.97 0.41 4.66 0.39 4.44 0.34 F(1,45)=55.912, P<0.001

Surface
CE 1696.07 446.38 1077.59 341.48 1701.3 505.33 1364.96 452.45 F(1,45)=54.406, P<0.001

Length
CE 968.24 180.47 665.55 165.72 963.96 182.62 785.43 162.49 F(1,45)=66.721, P<0.001
OE 644.65 112.48 395.63 98.28 639.77 119.88 568.52 112.98 F(1,45)=225.62, P<0.001

DHI
Physical 16.26 4.48 7.13 2.54 15.73 4.83 9.73 3.87 F(1,45)=21.481, P<0.001
Emotional 20.69 3.49 10.08 2.13 20.26 3.48 13.56 3.07 F(1,45)=50.114, P<0.001
Functional 18.66 5.41 8.86 2.61 19.91 4.61 12.43 3.9 F(1,45)=18.259, P<0.001
Total 56.6 5.13 26.08 2.92 55.91 5.3 35.73 5.88 F(1,45)=62.478, P<0.001

ABC 64.78 5.44 78.56 4.61 65.08 5.75 73.21 6.01 F(1,45)=43.540, P<0.001

Significant within-subject analysis of variance main effects are marked in bold.
ABC, Activities-specific Balance Confidence scale; CE, closed eyes; DHI, Dizziness Handicap Inventory; HMD, head-mounted device; OE, opened eyes; PS, power
spectra; VOR, vestibulo-ocular reflex; VR, vestibular rehabilitation; X, X plane; Y, Y plane.
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Following these points, the first interesting finding in the

present study is the significant maximization effect of

ipsilesional VOR improvement found in the HMD group

when compared with the vestibular rehabilitation group

(Table 2 and Fig. 3), although this improvement was

found across the participants in both groups. Considering

DVA as an indirect functional test including the

requirement of good VOR function (Peters et al., 2012),
these findings are in line with those DVA changes indi-

cating the development of compensatory mechanisms

after vestibular impairment (Herdman et al., 2003;

Clendaniel, 2010). In turn, our protocol highlighted a

VOR gain improvement when directly studied under

physiological conditions by means of the implementation

of vHIT, which offered for the first time a new dimen-

sion in vestibular diagnostics (Moon et al., 2017) and a

quantitative pretreatment and post-treatment assessment

of the lateral semicircular canal function, providing spe-

cific information about VOR changes (Micarelli et al.,
2016) after the HMD protocol.

In this scenario, the results of this study suggest that the

use of HMD exercises significantly facilitated the

recovery of gaze stability with unpredictable head

movements aimed at eliciting VOR during vHIT ses-

sions. Previous protocols highlighted that patient-tailored

home-based vestibular rehabilitation alone may induce

VOR adaptation in both normal (Tiliket et al., 1994;

Kramer et al., 1998) and vestibular hypofunction patients

(Herdman et al., 2003; Clendaniel, 2010; Szturm et al.,
2015). In many of these protocols vestibular exercises

required eye and head movement while fixating on a

visual target, possibly inducing both adaptation of the

VOR and/or facilitation of central preprogramming of

other types of eye movements to improve gaze stability

Fig. 3

Plot of individual staggered pretreatment and post-treatment vestibulo-
ocular reflex (VOR) gain values in head-mounted device (HMD) and
vestibular rehabilitation (VR) group.
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from vestibular exercises (Herdman et al., 2003;

Clendaniel, 2010; Szturm et al., 2015).

Considering the nature of the gaming task executed by

HMD patients across the protocol period, such movements

could have simulated those active head movements found

in UVH patients with better DVA (Herdman et al., 2001a,
2003). This could strengthen those theories positing that

central programming of eye movements during active tasks

(like the ones performed when using HMD) may contribute

to gaze stability during head movements toward the affected

side (Herdman et al., 2001a, 2003).

As previously highlighted, preprogrammed eye movements

described in UVH patients tend to occur more frequently

during active and predictable head movements (Herdman

et al., 2003). The greater frequency of centrally programmed

eye movements – together with the request for improved

smooth pursuit or use of saccades (Szturm et al., 2015), head
movement activity coupled with the altered visual scene

motion emulating eye–head exercises (Viirre and Sitarz,

2002), and exposure to background motion during game-

play (Chang and Hain, 2008) – is particularly elicited during

the HMD gaming task. This may explain why the HMD

group encountered reinforcing factors of the vestibular

exercises that had a significant impact on VOR improve-

ment. In line with these explanations, it may be that the

HMD-related head movements pose a challenge (sensory

mismatch) to the central nervous system, which then

attempts to resolve the challenge (Clendaniel, 2010).

This study extends the previous studies that examined

the use of technology-based or virtual reality-based

visuovestibular stimuli for vestibular rehabilitation in

terms of posturography and performance during daily

activities (Keshner, 2004; Weiss et al., 2004; Whitney

et al., 2006; Adamovich et al., 2009; Chen et al., 2012;
Gottshall et al., 2012; Pavlou et al., 2012; Fluet and

Deutsch, 2013; Sparrer et al., 2013; Alahmari et al., 2014;
Gatica-Rojas and Mendez-Rebolledo, 2014; Yeh et al.,
2014; Bergeron et al., 2015; Szturm et al., 2015; and Hsu

et al., 2016).

In particular, an after-treatment between-group effect

was found in posturography parameters, in spectral value

changes, as well as in DHI and ABC variables (Table 2).

Although the overall improvement in terms of balance

stability could be ascribed to the vestibular rehabilitation

delivered to both intervention groups (Teggi et al., 2009),
it is of interest to highlight the specific after-treatment

decrease in the HMD group within the low-frequency

intervals. Body sway within these frequency intervals is

considered to bemainly under vestibular control (Alessandrini

et al., 2006; Micarelli et al., 2016) and patients with vestibular

deficits have consequently increased body sways within these

domains (Alessandrini et al., 2006; Micarelli et al., 2016).

Consequently – and in line with those theories positing vir-

tual emulating eye–head exercises as improving VOR gain

(Viirre and Sitarz, 2002; Szturm et al., 2015) – significant

between-group post-treatment decrease within these intervals

could point the attention to possible HMD-maximizing

phenomena of vestibular discharge further improving the

vestibular source of spatial information and subsequent cen-

tral reweighting and related postural control (Peterka, 2002;

Szturm et al., 2015; Hsu et al., 2016). This aspect is further
supported by the significant decrease found in HMD post-

treatment posturography parameters when compared with

the vestibular rehabilitation group.

As a possible consequence of these changes, the HMD

group exhibited an overall improvement in both post-

treatment SRM and PM compared with the vestibular

rehabilitation group (Table 2). As known from the literature,

patients complaining of vestibular disorders are more prone to

suffer from anxiety, falls for unknown reasons, and reduction

of daily activities (Alahmari et al., 2014). Besides demon-

strating that vestibular rehabilitation positively overcomes

vestibular-related consequences, the present data further

strengthen the theories that consider virtual reality behavioral

interventions as a valuable tool that further alleviates these

complaints (Opris et al., 2012; Alahmari et al., 2014). In line

with these experiences, it is possible that habituation exer-

cises included in the HMD gaming task in the present study

could have also been particularly helpful in opposing the

over-reliance on a sensory modality, desensitizing patients to

visual motion and visuovestibular conflict, reducing associated

symptoms, and thus increasing the performance of everyday

activities (Bronstein, 2004; Keshner, 2004; Whitney et al.,
2006; Alahmari et al., 2014).

Finally, according to recent guidelines (Bergeron et al., 2015),
within-subject analysis of the SSQ scores allowed us to

examine how the patients habituated to the intervention at

the end of each week. As a result, the significant reduction in

these measures (Table 3) allowed us to suggest that patients

were safely habituating to the virtual reality stimuli.

Conclusion

Although future perspectives regarding the usefulness of

virtual reality in vestibular rehabilitation need to be further

evaluated, this study highlighted those possible advantages

related to the HMD implementation in vestibular rehabili-

tation. In particular, HMD could be proposed as an inno-

vative, ecological, self-assessing, low-cost, and compliant tool,

useful in maximizing vestibular rehabilitation outcomes.
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