Check for
updates

ORIGINA L ART I C L E: | EE

J Audiol Otol 2022;26(4):169-181

pISSN 2384-1621 / elSSN 2384-1710
https://doi.org/10.7874/ja0.2022.00234

Systematic Review and Meta-Analysis of the Application
of Virtual Reality in Hearing Disorders

Chanbeom Kwak'?, Woojae Han'?, and Junghwa Bahng®*

'Division of Speech Pathology and Audiology, College of Natural Sciences, Hallym University, Chuncheon, Korea
?Laboratory of Hearing and Technology, Research Institute of Audiology and Speech Pathology, College of Natural Sciences,

Hallym University, Chuncheon, Korea

*Department of Audiology and Speech Language Pathology, Hallym University of Graduate Studies, Seoul, Korea
“Center for Hearing and Speech Research, Hallym University of Graduate Studies, Seoul, Korea

Received  June 3, 2022
Revised August 1, 2022
Accepted  August 26,2022

Address for correspondence
Junghwa Bahng, PhD
Department of Audiology and
Speech Language Pathology,
Hallym University of

Graduate Studies,

427 Yeoksam-ro, Gangnam-gu,
Seoul 06197, Korea

Tel +82-2-3453-6618

Fax +82-70-8638-6833
E-mail bahng jh@gmail.com

Background and Objectives: Trendy technologies, such as artificial intelligence, virtual reality
(VR), and augmented reality (AR) are being increasingly used for hearing loss, tinnitus, and
vestibular disease. Thus, we conducted this systematic review and meta-analysis to identify
the possible benefits of the use of VR and AR technologies in patients with hearing loss, tinni-
tus, and/or vestibular dysfunction, with the aim of suggesting potential applications of these
technologies for both researchers and clinicians. Materials and Methods: Published articles
from 1968 to 2022 were gathered from six electronic journal databases. Applying our speci-
fied inclusion and/or exclusion criteria, 23 studies were analyzed. As only one article on
hearing loss and two articles on tinnitus were found, 20 studies on vestibular dysfunction
were only finally included for the meta-analysis. Standardized mean differences (SMDs) were
chosen as estimates to compare the studies. A funnel plot and Egger’s regression analysis
were used to identify any risk of bias. Results: High heterogeneity (1°: 83%, 1*: 0.5431, p<0.01)
was identified across the studies on vestibular dysfunction. VR-based rehabilitation was sig-
nificantly effective for individuals with vestibular disease (SMDs: 0.03, 95% confidence interval
[CI]: -0.08 to 0.15, p<0.05). A subgroup analysis revealed that only improvement in the sub-
jective questionnaire was meaningful and statistically significant (SMDs: -0.66, 95% Cl: -1.10
to -0.22). Conclusions: VVR-based vestibular rehabilitation showed potential for subjective rat-
ing measures like Dizziness Handicap Index. The negative effect of aging on vestibular dis-
ease was indirectly confirmed. More clinical trials and an evidence-based approach are
needed to confirm the implementation of state-of-the-art technology for hearing loss and
tinnitus, representative diseases in neurotology. J Audiol Otol 2022;26(4):169-181
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Introduction

Recently, advanced technologies such as artificial intelli-
gence (Al) and virtual reality (VR) make our lifestyles more
convenient and were even boosted by the COVID-19 pan-
demic by having the advantage of non-face-to-face interac-
tions [1,2]. Al is defined as computer algorithms with the
ability to automate cognitive processes [3]. Its concept is ex-

This is an Open Access article distributed under the terms of the Cre-
ative Commons Attribution Non-Commercial License (https:/creative-
commons.org/licenses/by-nc/4.0/) which permits unrestricted non-com-
mercial use, distribution, and reproduction in any medium, provided the
original work is properly cited.

tensively smeared in our daily life. That is, no more surprising
than the advertisement which we liked on my Google help
search specific results. Also, many people are helped by person-
al assistants [4] like Siri and/or Alexa in iPhone and Bixby in
the Galaxy smartphone. These Al techniques consist of various
sub-technologies that make it possible to identify the patterns
in the big data like providing a graphic-analyzing algorithm
for medical imaging analysis [3]. On the other hand, a more
sensory-focused simulation technology called VR is also high-
lighted. VR is defined as an immersed real-time simulation
of the user in an interactive environment that mimics reality
[5,6]. It has commercialized different games and sports that
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the whole family can enjoy together by connecting it to a
home TV.

Interestingly, these advanced technologies have also influ-
enced the medical fields, especially for otology and/or audiol-
ogy. For instance, the hearing aid can adjust gain automatically
by utilizing machine learning, which is one of the Al subtypes
[3,7,8]. The function of volume control and gain initially
matched the preferred level of hearing aid users. The machine
learning algorithm that is built into hearing aid software pro-
vides optimized sound levels in different sound environments.
The notion of VR (i.e., sensory interaction including vision,
hearing, smell, and touch) is like posturography which performs
tridimensional sensory interaction between the visual, ves-
tibular, and somatosensory systems. This method has been
usually utilized for VR simulation by using goggles, e.g., the
Samsung Gear and Google Cardboard platform [9-11] or the
commercially available Computerized Dynamic Posturography
device [12] or a video game console, such as Wii® and PlaySta-
tion [13]. In addition to these applications, the VR-based tech-
nique has been applied for use in tinnitus therapy [1,14], tem-
poral bone surgery [15], and mastoidectomies [16,17].

Regardless, the clinical practice has not yet rapidly adapted
to these technological changes. The technologies are being ap-
plied only to certain diseases in hearing loss, tinnitus, and vestib-
ular disease. Although some studies have reported the efficacy
and/or effectiveness of recent technologies especially for VR in
otology by using the systematic review [18-20] and meta-anal-
ysis [3,6], most have been either inconclusive or lack enough
topic diversity and/or subjective evidence and do not report
any statistical significance. By using a systematic review and
a meta-analysis approach, we sought to identify the VR tech-
nology applied to hearing loss, vestibular dysfunction, and
tinnitus, indeed the representative diseases in the fields of
otology and audiology. The goal was to analyze its applicabili-
ty for hearing loss, tinnitus, and vestibular disease and suggest
the scope of its potential application for both researchers and
clinicians.

Materials and Methods

Search strategy

The Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) statement [21] and the Internation-
al Prospective Register of Systematic Reviews (PROSPERO)
of Cochrane Collaboration were adjusted to the methodologi-
cal approach that contained inclusion criteria, an article search
strategy, and article selection in the current systematic review
and mete-analysis. The protocol of the present study was ad-
opted from a similar methodological approach that is regis-
tered in the PROSPERO CRD42011001406.

The specific criteria, a strategy for Participants, Intervention,
Control, Outcome measures, and Study design (PICOS), were
used for setting up the inclusion criteria. Table 1 displays the
PICOS criteria used in this study. Animal studies, general arti-
cles (e.g., conference abstracts, proceeding papers, books,
and book chapters, and systematic and/or narrative reviews),
and articles not written in English were excluded.

Article selection

Six electronic journal databases, Embase, MEDLINE,
PubMed, Web of Science, Science Direct, and Cumulative In-
dex to Nursing and Allied Health, were used to search for the
articles. Timeframe for the article search and selection was set
for January 1968 to February 2022 when articles that initially
reported the technology called virtual reality head mounted
display [22]. The key terms were ‘hearing loss’ OR ‘dizziness’
OR ‘vertigo’ OR ‘vestibular disease’ OR ‘tinnitus’ AND
‘training’ OR ‘treatment’ OR ‘rehabilitation’ AND ‘“virtual real-
ity’ OR ‘augmented reality’ OR ‘metaverse’ OR ‘virtual simu-
lation.” These terms were combined to minimize the need to
filter out any duplicate papers.

The overall flow of systematic methodology used in the ar-
ticle selection is displayed in Fig. 1. In detail, a total of 16,511
records were searched by using six electronic journal databases.
After eliminating 6,350 duplicates, 10,161 records remained.
The titles and abstracts of 10,161 records were then screened,
resulting in the exclusion of 9,079 records. The full texts of the

Table 1. Inclusion criteria for the current study based on Participants, Intervention, Control, Outcomes, and Study Designs (PICOS)

PICOS

Content

Participants

Individuals with hearing loss or vestibular disease or tinnitus
Any training, therapy, treatment, and rehabilitation related to hearing ability or vestibular function or finnitus

Comparison with a control group or repeated measures (experiments with additional purpose)

Intervention
symptom using virtual reality and/or augmented reality
Control
Outcomes Outcome measure(s) related to audiological, vestibular, and tinnitus testing result(s)
Study design

repeated measures (pre- and post-comparisons)

Randomized controlled trials, non-randomized controlled trials, cohort studies (with a control comparison), and
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Records identified from electronic
database (n=16,511)

Records screened (n=16,511)

Records excluded, with reason of
> duplication (n=6,350)

Records excluded, with various reasons
(n=9,079)

Records sought for retrieval (n=10,161)

* Conference abstract (n=587)
> * Proceeding paper (n=1,194)

* Book or book chapter (n=1,160)
* Review paper (n=3,008)

* Other language (n=278)
* Animal study (n=2,852)

Records assessed for eligibility (n=1,082)

Articles exculded, with reason of failed
PICOS criteria (n=1,059)

« Irrelevant participants (n=115)

* Irrelevant intervention (n=396)
* Irrelevant outcome measure (n=442)
« Irrelevant study design (n=106)

v v

Hearing loss

1 Studies included in
systematic review

Vestibular disease

20 Studies included in
systematic review

Tinnitus

2 Studies included in
systematic review

Fig. 1. Flowchart based on a Preferred Reporting ltems for a Systematic Review and Meta-analysis (PRISMA) statement. PICOS, Par-
ticipants, Intervention, Control, Outcome measures, and Study design.

remaining 1,082 records were then reviewed at the eligibility
stage. Finally, only 23 records met the PICOS criteria for this
study (Table 1), and they were included in the systematic re-
view and meta-analysis. Throughout all the steps, any disagree-
ment was resolved by consultation with the authors.

Study quality and potential sources of study bias

To evaluate both the study quality and any potential sources
of study bias, we used the CAMARADES checklist [23]. This
scale assesses the randomization, presence of controls, calcu-
lation of sample size, publication after peer review, outcome
measures, and statement of potential conflicts of interest (Ta-
ble 2). Each item was assigned 1 for “yes” or 0 for “no.” The
findings of the highest-scoring studies were the most valid.

The data contained in the articles were independently ex-
tracted and synthesized into six categories by the authors as 1)

participants; 2) intervention; 3) control group; 4) study de-
sign; 5) outcome measures; and 6) main findings (Table 3).

Meta-analysis

The R Software (Ver. 4.2.0, R Core Team, R Foundation
for Statistical Computing, Vienna, Austria) was used for the
meta-analysis. Twenty articles related to vestibular disease were
examined for their data synthesis process, especially in terms of
their descriptive statistics (mean and standard deviation values
in the experimental and control groups). After conducting the
data synthesizing, a total of 12 articles were included in the me-
ta-analysis. Standardized mean differences (SMDs) calculated
the effect size for the individual study. Then, a summary esti-
mate was examined. The random-effect model was selected to
calculate both the effect size and summary estimate. The fun-
nel plot and Egger’s regression test were used to identify any
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Table 2. Analysis using the scientific study validity criteria based on CAMARADES checklists

Study 2

4 5 Study quality score (point)

Wolter, ef al. [25] 1

Cesaroni, et al. [12]
Cusin, et al. [26]
Garcia, et al. [27]
Gazzola, et al. [10]

Kasse, et al. [28]
Lanca, et al. [29]
Mecedo, et al. [30]
Meldrum, et al. [31]
Micarelli, et al. [32]
Monteiro, et al. [33]
Pavlou, et al. [34]
Rosiak, et al. [35] 1
Stankiewicz, et al. [?]

1
1
1
0
1
1
Kanyllmaz, et al. [11] 1
0
0
1

_ - a4 00 0O = = O =

1
1
1
1

Ugur, et al. [13]
Verdecchia, et al. [36]
Villard, et al. [37]
Viziano, et al. [38]
Whitney, et al. [39] 1
Yeh, et al. [40] 1
Bertet, et al. [41] 1
Malinvaud, et al. [14] 1 0 1

— O O O —
O O O O O O O O O O O o — 0O O O o o O o o olw

o —-— O — O O —

1 1
1 1

—_ 0O 0O —= — O O — —|o~

W A W OON WM DMDMDDMDMNMOOGODMNMDNDNDNDO O OWOO

- O O o —- o — — O O o o — O

1 1 5

1 and 0 stand for “Yes” and “No,"” respectively. The CAMARADES checklist consisted of 6 items as follows: 1, randomization; 2, con-
frols; 3, sample size calculation; 4, publication after peer review; 5, outcome measure; 6, statement of potential conflict of interest.

publication bias.

As the confirmation of heterogeneity, the Higgins I-statis-
tics and Cochran’s Q-test were applied. For the Higgins I’-sta-
tistics, the value of I was indicated as the percentage of het-
erogeneity. For example, the interval ranges from 0 to 25%, 25%
to 75%, and 75% to 100% of I’ value were implied as having
low, middle, and high heterogeneity, respectively [24]. The Q
values for the Cochran test indicated the total variance across
the dataset of the articles. This test showed a statistical signif-
icance at 95% of confidence interval (CI), and heterogeneity
across the dataset of articles. The articles were also categorized
based on outcome measures, and a subgroup analysis was con-
ducted to compare the area and rate of the Computerized Dy-
namic Posturography test, the power spectra with low frequency
(LF_PS), and a Dizziness Handicap Index (DHI) question-
naire. Using a careful interpretation of the results of meta-anal-
ysis, all descriptive values of the meta-analysis in the current
study had reversed meaning, which was negative and/or a mi-
nus value of outcome measure means a better outcome or be-
ing benefited by the intervention and vice versa.

172 J Audiol Otol 2022;26(4):169-181

Results

Evaluation of study quality

The study quality evaluated by the CAMARADES checklist
showed a mean score of 6.64 (SD: 1.15, range: 4—38). To iden-
tify the difference in study quality between studies, a chi-square
test was conducted. There were no significant differences be-
tween the quality of the studies (X’=5.8427, df=22, p=0.9998).
Table 3 provided characteristics and main findings for all en-
rolled studies for the participants, the intervention, control group
and the outcome of each study [9-14, 25-41].

Overall results of the meta-analysis

Again, the studies related to vestibular disease were includ-
ed and analyzed using a meta-analysis because of the lack of
sample studies in the other fields (i.e., hearing loss and tinni-
tus). Overall effect size was estimated with the random effect
model (Supplementary Fig. 1 in the online-only Data Supple-
ment). The overall estimates showed SMDs of 0.03 (95% CI:
-0.08 to 0.15). The heterogeneity related values, like the Hig-
gins I” and Cochran’s Q estimates (expressed as T°) demonstrat-
ed that there was a high heterogeneity (83% of I* and 0.5431
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Fig. 2. Funnel plot for confirming publication bias.

of * with p<0.01). In Fig. 2, the funnel plot and Egger’s re-
gression analysis present that there was indeed significant
publication bias (t=-7.76, df=183, p<0.0001).

Subgroup analysis

Based on the results of the overall studies, a subgroup anal-
ysis was carried out to investigate the actual effects of types
of outcome measures (i.e., center of pressure [COP] area and
rate, LF_PS, and the score of DHI) (Supplementary Fig. 2 in
the online-only Data Supplement). The result of this sub-
group analysis was statistically significant (x’=9.83, df=3,
p=0.02). However, the estimate of SMDs for the random ef-
fect model was -0.01 (95% CI: -0.17 to 0.14). This result should
be interpreted carefully because of the existence of 0 in 95% CI.
Even the estimates of the random effect model had a p-value
below 0.05, while the existence of 0 in the range of 95% CI
was not statistically significant [42].

Given this caution, the result for the COP area (Supplemen-
tary Fig. 2A in the online-only Data Supplement) and rate
(Supplementary Fig. 2B in the online-only Data Supplement)
showed the same value for SMDs of 0.09 (95% CI: -0.15 to
0.33). That is, the experimental group had not benefited from
intervention (i.e., conducting vestibular rehabilitation with the
VR technique). The result of LF_PS had similar findings. Even
the SMDs of LF_PS were -0.01 (Supplementary Fig. 2C in
the online-only Data Supplement), and while the experimental
group had a better outcome, the statistical significance was
not proved (95% CI: -0.49 to 0.47). DHI questionnaire (Sup-
plementary Fig. 2D in the online-only Data Supplement) re-
vealed the only subgroup with statistical significance (SMDs:
-0.66, 95% CI: -1.10 to -0.22). This result confirmed that the
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experimental group had reduced their negative aspects of dizzi-
ness with support from the VR techniques.

Discussion

The current study analyzed VR and/or AR technologies be-
ing applied to the hearing loss, tinnitus, and vestibular disease.
The related studies were all systematically reviewed and ana-
lyzed using a meta-analysis approach.

Hearing loss

Unfortunately, the study by Wolter, et al. [25] was only in-
cluded in the present study. The authors demonstrated that the
sound environment and hearing ability influenced the func-
tion of balance. They evaluated balance function using a VR
simulator-based moving sound environment (i.e., real street
setting) and a static sound environment for sensorineural hear-
ing loss with bilateral vestibular loss (SNHL-BVL) children.
In addition, the directionality of the sound was added to the
sound environment. As expected, the SNHL-BVL children
had poorer balance scores than normally developing counter-
parts in all conditions. With a within-group comparison, the
balance score for SNHL-BVL children was not affected by ei-
ther the VR simulator-based sound environment or direction-
ality. For the effect of hearing ability, SNHL-BVL children
had slightly better balance performance when their cochlear
implant was activated with variables of the VR simulator-based
sound environment and directionality. Results for SNHL-BVL
children may have derived from the ability of spatial hearing
[25,43]. That is, deteriorated spatial hearing with sensorineural
hearing loss made these children insensitive to different sound
flows (i.e., dynamic and static sound environments), and this
insensitivity led to a similar balance performance in the vari-
ous VR simulator-based sound environment. However, when
their implantation was turned on, the decreased spatial hear-
ing partially supported by the cochlear implant and the bal-
ance performance slightly increased. These results demon-
strated that the VR technique may be helpful for individuals
with hearing loss and balance dysfunction about hearing com-
pensation that occurred when using hearing assistive device.
Nevertheless, it is regrettable that only one study exists in this
scope. We believe that the current technique will be utilized
soon. Also the effect of advanced technologies as a digital ther-
apeutics will be proved by expanding to various population in
not only children with hearing loss but also the hearing-im-
paired adults and elderly.

Tinnitus
In our systematic search, 2 of 23 studies reported on VR-



related tinnitus management. Although the field of pharmaco-
logic approach and cognitive therapy for tinnitus is rapidly de-
veloping, there have been few treatments using VR so far.

Reporting the effect of VR techniques in the field of tinnitus
therapy, the studies have been concluded in different ways.
First, the study by Bertet, et al. [41] investigated the effect of
virtually synthesized tinnitus on the lateralization of tinnitus.
They compared three different virtual tinnitus avatars while us-
ing hearing thresholds-matched methods and pitch matching-
like mixed tones method. The authors reported that the mixed
tones method, by using pure-tone and narrow band noise, was
the most preferred for the tinnitus patients (8 of 12 patients).
This result was statistically supported by a Kolmogorov-
Smirnov test, which statistically compared the visual analogue
scale (VAS) of each observation. The ranking of each method
revealed that method C (i.e., pitch matching-like mixed tones)
had a significantly higher ranking (smaller score of VAS) than
method A (p<0.02) and B (»p<0.002) which was based on the
hearing thresholds curve. Their results demonstrated that the
VR-based tinnitus avatar could be applied to tinnitus patients,
to some extent.

In the other study, Malinvaud, et al. [14] showed slightly dif-
ferent results even though it had the effect of VR-based therapy
on tinnitus patients. The authors compared the VR-based 3D
environment with auditory and visual immersion therapy to
clinically conventional therapy, such as cognitive behavior
therapy (CBT) for subjective tinnitus patients. They measured
various outcomes including several questionnaires, e.g., the
Subjective Tinnitus Severity Scale, Tinnitus Handicap Ques-
tionnaire, Tinnitus Handicap Inventory, Hospital Anxiety-De-
pression Scale (HAD), and VAS. The results showed that all
the outcome measures were not significantly different as the
time points (i.e., post treatment, 1-month follow-up, and
3-month follow-up) in both the VR and CBT groups. However,
all the outcome measures had significant enhancement from
the baseline to 3-month follow-up except for HAD. Rather
than quickly concluding the effect of VR on tinnitus treatment
through two peer-reviewed papers, thus we suggest that the
treatment data should be accumulated and the most efficient
VR setting and design for tinnitus patients at clinic and/or at
home should be devised.

Vestibular diseases

Although most studies included in the present study were
vestibular disease-related, the results of the meta-analysis could
show that various outcome measures, such as COP area, COP
rate, and LF_PS, were not statistically significant. The effect of
the VR technique in the vestibular rehabilitation was not proved
for the COP area and rate.

Kwak C, et al.

Notably, there was a discrepancy among the studies that re-
ported the effect of VR-based vestibular rehabilitation [10,26-
29,32,33,38]. For example, Garcia, et al. [27] demonstrated
that those patients with Ménicre’s disease (MD) was signifi-
cantly improved in terms of COP area and DHI score after be-
ing treated using VR-based vestibular rehabilitation. However,
in other studies [28,29], there was no statistically significant
difference between the time points, such as pre- and post- treat-
ment for the benign paroxysmal positional vertigo patients.
This discrepancy may have stemmed from aging [6,29]. Obvi-
ously, aging directly deteriorates the function of the sensory
systems including sensory integration. This decreased sensory
integration affected the recurrence of dizziness after treatment
[29,38,44]. While the MD patients of Garcia, et al. [27] ranged
from young to old adults (age ranged from 19 to 60 years),
samples of the other study were middle age to older age adults
[26] or adults over 60 years [28,29]. A similar pattern was also
observed in other vestibular disease-related outcome mea-
sures, such as the rate of COP.

The DHI score revealed that the experimental group actu-
ally had a reduced score with VR-based rehabilitation. It was
the subjective and self-report measuring method and related to
the physical, functional, and emotional aspects of vestibular
disease. In other words, the patients with vestibular dysfunction
improved their subjective aspects when using VR techniques
while being strongly supported in most studies [27,28,32,38].
In short, this result implied that the subjective measures for pa-
tients with vestibular disease could be achieved by the imple-
mentation of VR [38,45].

Limitations of the study and future directions

Although the purpose mainly was to check how much VR
technology was enhanced in hearing loss, tinnitus, and vestib-
ular disease, the present study had several limitations. First,
the article search process for the current study had a limitation
of not being able to include all the studies related to our pur-
pose. While we exerted a search and select of the articles to
avoid this limitation, inevitable variables, such as a lack of ex-
plicitness of related topics in the individual article. Similar to
the first limitation, the other diseases, i.e., hearing loss and
tinnitus, could not lead to a meta-analysis due to the small sam-
ple size. We might argue that this limitation emphasizes the di-
versity of the subfields in otology and audiology. One suspect-
ed answer is that the appropriate tools using recent technology
are not fully developed yet for individuals with hearing loss.

It is acknowledged that auditory training is necessary and an
effective tool for the hearing-impaired regardless of age [46-
48], however, conventional and/or traditional auditory training
has a disadvantage in terms of time, distance, and cost [46,47].
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To overcome the limitation of auditory training, a simulated
digital environment called ‘metaverse’ which immerses concept
with VR, AR, and the blockchain technique could be consid-
ered. This digital world is created for interaction between us-
ers like social media and thus may play an important role for
the hearing-impaired, including improvement of the social skills
and the self-esteem of children.

In conclusion, the present study highlights the recent and
advanced VR technologies and their applications to hearing
loss, tinnitus, and vestibular disease by systematic review and
meta-analysis. Although there was lack of study samples (i.e.,
two studies for hearing loss and one study for tinnitus), still
due to the ongoing development of the technology, VR-based
vestibular rehabilitation showed a positive applicability and
weaken symptom, especially for subjective rating measures.
Also, the negative effect of aging on vestibular disease was in-
directly identified. In the future, many more clinical trials and
evidence-based approach will be needed to verify the positive
implementation of state-of-the-art technology in both hearing
loss and tinnitus.

Supplementary Materials
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