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Close to half people over 60 years of age experience vestibular dysfunction. Although
vestibular rehabilitation has been proven effective in reducing dizziness and falls in
older adults, adherence to exercise programs is a major issue and reported to be
below 50%. Therefore, this research aimed to develop an app with gaming elements to
improve adherence to exercises that are part of vestibular rehabilitation, and to provide
feedback to increase the accuracy during exercise performance. A clinician-informed
design was used where five physical therapists were asked identical questions about
the exercises they would like to see in the app, including their duration and frequency.
Games were developed to train the vestibulo-ocular (VOR) reflex using VOR and gaze
shifting exercises; and to train the vestibulo-spinal system using weight shifting and
balance exercises. The games were designed to progress from simple to more complex
visuals. The games were controlled by an Inertial Measurement Unit placed on the head
or anterior waist. The app was tested on ten healthy females (69.1 + 5.1 years) with no
prior history of vestibular dysfunction or complaints of dizziness. Participants completed
gaze stabilization and balance exercises using the app and provided feedback on the
user interface, ease of use, usefulness and enjoyment using standardized questionnaires
and changes they would like to see in the form of open-ended questions. In general,
participants reported that they found the app easy to use, the user interface was friendly,
and they enjoyed playing the games due to the graphics and colors. They reported that
the feedback provided during the exercise session helped them recognize their mistakes
and motivated them to do better. However, some elements of the app were frustrating
due to incomplete instructions and inability to distinguish game objects due to insufficient
contrast. Feedback received will be implemented in a revised version which will be trialed
in older adults with dizziness due to vestibular hypofunction. We have demonstrated that
the “Vestibular App™” created for rehabilitation with gaming elements was found to be
enjoyable, useful, and easy to use by healthy older adults. In the long term, the app may
increase adherence to vestibular rehabilitation.

Keywords: vestibular rehabilitation, physical therapy, vestibular ocular reflex, rehabilitation games, balance,
rehabilitation application, dizziness
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INTRODUCTION

Vestibular hypofunction is a condition that results from damage
to the vestibular organs in the inner ear and is associated with
disabling symptoms including dizziness, vertigo, blurred vision,
and postural instability. It is estimated that one third of US adults
over 40 experience vestibular dysfunction and the prevalence
increases sharply with age, with around half of those over age 60
experiencing vestibular dysfunction as documented by a balance
test (1). It was found that those people who exhibit vestibular
dysfunction symptoms (dizziness) are twelve times more likely
to fall (1). Vestibular rehabilitation has been proven to be
effective in reducing symptoms of dizziness and imbalance by
providing exercise-focused interventions to promote adaptation
and/or compensation for vestibular hypofunction (2-7). Clinical
care is guided by best evidence, and in 2016 the Clinical
Practice Guidelines (CPG) for vestibular hypofunction were
created (8) and recently revised in 2021 (9). Based on CPG
recommendations, vestibular-trained clinicians typically provide
home exercise programs in written format as handouts and
recommend patients perform the exercises consistently and
accurately between 3 and 5 times a day, for a total of 15-20 min
per day. However, adherence to the exercise program remains
a major problem, with compliance rates below 50% (10). Many
factors influence exercise adherence, however from a patient
perspective the main factors that limit adherence to exercises
are a lack of understanding of the exercises, fear of increasing
symptoms during exercises, performing the exercises incorrectly,
needing ongoing guidance and direction (10-13). Technology
has made significant advances in the past two decades and can
be harnessed to address some of these barriers.

Choi and colleagues found that persons who had suffered
from a stroke and had resulting upper extremity impairments
were more satisfied with a mobile game-based treatment vs.
conventional treatment, they credit their success to the mobile
game because it was specifically developed for their patients (14).
For people with vestibular hypofunction, increased compliance
and enjoyment was reported with the use of computer games,
video games and using virtual reality (15-18). However, these
games are not designed for vestibular rehabilitation at home,
since they lack the specific head/body motions required to
address gaze stability impairments, they are not customized based
on each person’s deficits, and cannot be advanced in visual or task
complexity at a clinically relevant level as the person improves.
Additionally, they do not provide patients with feedback to
modify their performance, which currently is only possible when
the person has direct supervision by a therapist.

Several studies have noted that ‘multifaceted’ strategies are
necessary to implement clinical practice guidelines and modify
therapist behaviors (15-17). When one introduces technology to
deliver interventions the clinician must learn new skills. Molding
and colleagues found that having clinician feedback early in the
development phase of technology can be helpful to adopt new
clinical skills (18). Having clinician feedback and involvement
early in the development phases of technology can help to
shape the elements of technology that are essential in the clinic,
keeping in mind clinician time and effort. It is also necessary to
consider different types of clinics and perspectives of clinicians

in different healthcare sectors. This is an important step to
form an alliance between researchers, industry, and clinicians to
maximize the probability that a novel technology will be adopted
in clinical practice.

The aims of this study were to use a clinician-informed
design to develop, implement and test an app to deliver a
rehabilitation program congruent with the CPG for peripheral
vestibular hypofunction. The goals of this study were: (1) to
use structured interviews and clinician feedback to design an
application, including defining the type of exercises, progression
of exercises, and safety during exercise performance; and to
(2) test a prototype application in healthy controls so that
feedback from participants could be used to make iterative
changes to create an app that could be used in people with
vestibular hypofunction.

MATERIALS AND METHODS

Clinician Feedback

To help shape the design of the virtual App-based technology
for older adults with vestibular hypofunction, monthly focus
group meetings were held with five physical therapists practicing
in vestibular rehabilitation. All therapists hold a doctorate in
physical therapy and have completed at least one course in
vestibular rehabilitation. They work in a variety of settings
including private practice, university hospital clinics, and
Veterans’ Affairs (VA) clinics. Years of experience range from
8 to 22 years, and they hold positions such as clinic owners,
clinic directors, and lead vestibular therapists. Three therapists
hold teaching positions. Each therapist participated in six
one-hour sessions, that were setup at their convenience. The
sessions were recorded and per session, identical questions
were asked to all therapists involved. Responses were compared
between therapists and with the CPG for peripheral vestibular
hypofunction to identify gaps in practice.

Meetings focused on the following topics:

Session 1-Identifying exercises to include. The goal of this
session was to identify and include all exercises that are required
for older adults with vestibular hypofunction to perform their
At-home rehabilitation session.

Session 2-Defining requirements and instructions for
exercises. The purpose of this session was to define the
instructions for each of the exercises that were included in the
Vestibular Rehabilitation App™. The information obtained was
used to design each exercise to ensure that each game accurately
represented the intent of the rehabilitation exercise.

Session 3-Exercise progression. The purpose of this session
was to understand and describe patient progression in clinical
practice. This provided information to shape the automated
progression prompts in the app.

Session 4-Techniques to improve adherence. In this session,
therapists discussed the barriers to adherence and techniques that
are currently used to overcome them. Elements were designed
and added to the app with the goal to improve compliance.

Session 5-Patient education. The purpose of this session
was to identify the education provided by clinicians over the
course of rehabilitation, such as the time it takes for recovery, the
importance of walking and movement in the recovery process,
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FIGURE 1 | Four different levels of exercise for VOR in the pitch and yaw direction (left and right column respectively). The various levels of visual stimuli are tailored to
the severity of symptoms due to vestibular dysfunction. Patients progress from simple backgrounds (top row), to a complex static background (2™ row), a complex
dynamic background (3™ row-torches flicker), to a 3D background with texture and the character and background moving (bottom row). Note that although the
background was static for the first two rows, the obstacles and character still moved over the screen.

among others. This session provided information to shape the
educational elements in the app.

Session 6-Safety measures. The goal of this session was to
define the safety features that would need to be included in the
app for people to perform the exercises at home safely.

The specific questions that were asked in each session are in
the Supplementary Material 1.

Vestibular Rehabilitation Application

A mobile (smartphone or tablet) app containing games for the
vestibular rehabilitation exercises was developed using Unity Pro
(Unity Technologies) that could be used on an Android tablet.
Games were controlled by an Inertial Measurement Unit [IMU;
MetaMotionR (MBientlab)] that was connected to the tablet via

Bluetooth. During gaze stability games, the IMU was placed on
the forehead, and for the balance games, the sensor is secured
with a waistband, just below the waist. The games developed
were to train the vestibulo-ocular reflex (VOR) and gaze shifting
or to train balance using weight shifting and single leg balance
games. Artwork was developed specifically for the app. Care was
taken to ensure that the artwork was appropriate for the target
demographic (older adults) and has visual complexity that was
tailored to patient severity.

Gaze Stability

VOR

The tablet was placed at arm’s length for each individual so
that they could reach the tablet easily to advance the games. A
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FIGURE 2 | Screenshots of the different vestibular rehabilitation exercise games: (A) gaze shifting, (B) single leg balance, and (C) weight shift with the character
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character on the screen was controlled by moving the head Up-
Down (pitch) or Left-Right (yaw) to avoid obstacles. Points were
awarded with each successful obstacle avoided. Four different
levels of exercises for the VOR were designed which could be
tailored to the rehabilitation needs at the clinicians’ discretion
(Figure 1). The first level had few distracting elements, and as the
exercises progressed the background distractors increased. The
final progression (level 4) was a 3D version of the VOR game,
where the environment was dynamic with the character moving
through a moving 3D scene. The app allowed the desired head
range of motion and head angular velocity of the head motion
to be changed. Changes in head range of motion were associated
with the change in the amount of character movement relative
to the head motion, so that the character was at the edge of the
screen at the desired range of motion. Similarly, the head angular
velocity setting of head motion controlled the speed at which
the obstacles appeared on the screen. Speed was calculated using
the range of motion and the desired angular velocity to set the
amount of head rotations that needed to be made per second.

Gaze Shifting

The tablet shows a 360° panoramic view of a night sky (Figure 2).
With the tablet in hand, the participant has to move the tablet to
find stars with their eyes only, without moving their head. On
screen arrows point at the stars to guide the participant in the
right direction. Once a star is aligned in the center of the screen,
amessage is provided with direction to move their head to align a
box on the screen with the star. Success in this task is defined as a

successful gaze shift exercise, with the eyes moving first followed
by the head.

Balance Games

Single Leg Standing

A large bowl on the screen tilts anterior/posterior or laterally
based on the movement of the IMU placed on the waist
(Figure 2). The objective is to remain still and vertically aligned
during single leg standing, keeping the ball in the center of the
bowl (tilting causes the ball to roll away). Points are scored based
on how close the ball is to the center of the bowl.

Weight Shifting

The person controls a character on the screen by shifting their
body weight. Leaning forward moves the character up and
leaning left/right moves the character horizontally. Instructions
are given to move from the ankle and not from the hips or bend
the knees. The goal is to collect the most coins and put these in
a treasure chest to gain points (Figure 2). The coins appear at
different locations on the screen so that the person must shift
their weight in different directions.

Human Subject Testing

The study was approved by the Institutional Review Board
at the University of Kansas Medical Center (site PI-LD).
The Vestibular Rehabilitation App™ was tested with 10
adults, all participants signed informed consent before the
study began. Inclusion criteria were: (1) Adults between 60
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and 75 years of age; (2) Able to fluently read and speak
English, (3) Able to give informed consent, (4) Able to
get out of a chair independently. Exclusion criteria were
as follows: (1) Pre-existing neurological disease, vestibular
disease, or uncorrectable visual problem; (2) Lower extremity
musculoskeletal injury or pain that would impede performing the
balance exercises.

Human subject testing was performed in a laboratory setting
at the University of Kansas Medical session, as a one-time session.
During testing subjects were seated in a comfortable chair for
the VOR exercises and standing for the balance exercises while
facing a stand that the tablet was placed in with the tablet at
eye level. The MetaMotionR IMU was placed on the subjects
forehead for the gaze stability game and on the anterior waist
for the balance games using hypoallergenic adhesive tape. The
experimenter introduced the Vestibular Rehabilitation App™ to
the subject and only helped when needed. Subjects were asked to
complete VOR games in both pitch and yaw exercise games at all
four levels of visual complexity. Next, subjects completed the gaze
shifting and balance games. Subjects played one set of each game
and were given the option to rest between each game. After each
game, participants were asked for feedback using a questionnaire
that was developed specifically for the study. They rated the
following questions using a 7-point Likert scale ranging from
completely agree to completely disagree: (1) I enjoyed playing the
game; (2) I understood what I was supposed to do in the game;
and (3) It was easy for me to play the game. Followed by the
following Open-Ended questions: (1) what I liked most about the
game; (2) what I disliked most about the game. The questionnaire
that was developed is included in the Supplementary Files.

After the participant has completed all exercises, they
completed the following questionnaires.

1) Game Evaluation Questionnaire-The Game
Evaluation Questionnaire was developed specifically
for this study to evaluate each game separately (see
Supplementary Material 2.1).

2) User Interface Questionnaire-The User Interface
questionnaire (19) evaluates the overall reactions to the
software. This rates several reactions on a scale of 0 to 9 (with
5 being a neutral answer).

3) Perceived Ease of Use Questionnaire-The perceived ease of
use questionnaire by Davis (20) evaluates the ease of use of
technology (see Supplementary Material 2.2).

4) Usefulness, Motivation, and Enjoyment Questionnaire—
The usefulness, motivation and enjoyment questionnaire
by Silveira et al. (21) was adapted to evaluate usefulness,
motivation, and enjoyment when using the Vestibular App
(see Supplementary Material 2.3).

5) Open Ended Feedback: At the end of the entire session,
participants were asked five open-ended questions that were:
(1) How challenging was the entire session? (2) What are
the positive features of the app? (3) What did you not
like about the app? (4) What changes would you like
to see? (5) Do you see any barriers to using this app
at home?

RESULTS

Clinician Feedback

Outcomes of the structured interviews with the clinicians
and how the feedback was incorporated in the Vestibular
Rehabilitation App™ are outlined below.

Session 1-ldentifying Relevant Exercises

The main exercises prescribed were similar between therapists,
with small variations in prescription of additional strengthening,
habituation, and balance. Educational and motivational
opportunities were also noted by each of the therapists, such as
grounding exercises to aid in reduction of dizziness.

Based on this feedback, the exercises that were included in
the Vestibular Rehabilitation App™ were the VOR exercise in
the pitch and yaw directions, the gaze shift exercise, weight
shifting, and single leg balance exercise. Although some clinicians
prescribed habituation exercises, these were not included in
this preliminary version of the app. They will be included in
future versions.

Session 2-Defining Requirements and Instructions
for Exercises

Instructions for the VOR exercise were similar between
therapists, with small differences such as focusing on a dot
vs. a word on a card. Therapists agreed on the definition
of correct exercise performance, however, differences were
seen in exercise dosing. Questionnaires that were used by
clinicians ranged from ABC (22), to DHI (23), to dizziness
scales, to therapeutic outcomes questionnaires. All clinicians ask
patients about activities that caused dizziness, however, they
varied in the manner the information was used for further
exercise prescription.

Based on this feedback, the Vestibular Rehabilitation App™
was developed with flexibility to prescribe exercise duration and
the support used (e.g., single vs. double leg stance, holding a
chair) during balance exercises. A dizziness visual analog scale
from 0 to 10 was added to the app to rate dizziness after the VOR
exercises, as well as DHI and ABC questionnaires.

Session 3-Exercise Progression

There was consensus that patients could progress to performing
exercises at a more difficult level after achieving the time
and accuracy needed without increasing symptoms of dizziness
excessively (as determined by a VAS Pre- and Post-exercise).
Symptom resolution was factored into exercise progression
where symptoms mostly resolved in 15-20 min after exercise
performance. Typically, patients were progressed to a higher level
after consistently accurate performance for 2 days.

Since the Vestibular Rehabilitation App™ is intended to be a
helpful tool for the clinician and not replace clinical expertise, an
algorithm has been developed to alert the clinician when a patient
may be ready to progress. This algorithm takes into account if the
patient is doing the exercise correctly (consistently high scores
and achieving prescribed motions) and without causing excessive
dizziness (low reported change in dizziness after VOR exercises).
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Session 4-Techniques to Improve Adherence
Therapists identified the hurdles to compliance to home
exercises as: finding the time to do the exercises; not seeing
immediate results; remembering to do the exercises; exercises
increase symptoms of dizziness; exercises are boring; not sure
if they are doing exercises correctly / uncomfortable doing
exercises; patients think they should not do exercises when they
are dizzy; no appropriate expectations of level of symptoms
during exercises.

The following methods to improve adherence to exercise
programs were identified: provide information on the
importance of exercises and how to do them correctly; limit
duration of exercise program (up to 15 min total); ask the patient
how much time they could dedicate; recommend techniques to
alleviate symptoms; Self-motivation and reward. All therapists
reported that being responsive to patient’s symptoms, identifying
goals, and tracking progress toward these goals were key
components for improving adherence.

Based on this feedback, automated reminders were
incorporated in the Vestibular Rehabilitation App™, providing
reminders on the device where the app is installed. Exercises were
turned into fun games. Rewarding elements, such as trophies
and game scores were included to show progress made and to
increase motivation. Future work will incorporate a storyline that
is linked to patient progress toward their rehabilitation goals.

Session 5-Patient Education

Primary goals of education were to inform the patient on
recovery trajectory, such as time to recovery, what to expect
during rehabilitation and alternative strategies to help reduce
their dizziness and improve balance.

Based on this feedback, educational messages in the Vestibular
Rehabilitation App™ are focused on positive messages that
reinforce the importance of rehabilitation based on scientific
evidence. The app has been programmed so that educational
messages appear at random time points after completing a game.
A link to patient resources is also included in the app, with
background on vestibular disorders (24, 25), resources to get
more active (26), and healthy living (27).

Session 6-Safety Measures

The safety measures identified when performing the exercises
included: standing with the back to a corner and near a sturdy
surface they could hold on to if needed; start in sitting before
doing exercises in standing, clear the floor of clutter; make sure
pets were out of the way; wear Non-skid shoes (no flip flops or
slippers); stand on a firm surface (preferably no carpet); and not
walking around while looking at the tablet.

Based on this feedback, safety instructions have been
included in the Vestibular Rehabilitation App™. Patients must
acknowledge and agree to abide by the safety instructions to
proceed to the exercise program.

Application Testing
Subjects were 10 females aged 60-74 years, average age 69.1 + 5.1
years. There were no adverse events noted during testing.

Results Game Evaluation Questionnaire

A mixed methods design was used to obtain detailed information
about participant interaction with each game (gaze stability and
balance) at each level. As well as elements of progression through
levels 1-4. Subjects’ response to questions regarding enjoyment,
understanding game play and ease of play are shown in Figure 3.
Responses to Open-Ended questions are summarized in the
Supplementary Material 3.

In general, participants preferred the VOR Levels 1-3 and
single leg balance games. Both games were easy to understand
and were found enjoyable unlike the 3D VOR game which was
difficult to understand. The gaze shifting game was the most
difficult to understand and all agreed that they did not enjoy
it. Although the instructions of the weight shifting game were
clear, it was not easy, and participants had difficulty performing
this exercise.

Results of the User Interface Questionnaire

Average ratings for each item are presented in Figure 4. Specific
comments in response to each item can be found in the
Supplementary Material 4.

Results of the Perceived Ease of Use Questionnaire
All participants indicated that learning to operate the “Vestibular
Rehabilitation application” would be easy for them, their
interaction with the app was clear and understandable, and it
would be easy for them to become skillful at using the app
(Figure 5). Eight out of the 10 subjects indicated that they found
it easy to get the Vestibular Rehabilitation App™ to do that
they wanted it to do. Nine out of 10 people indicated that they
found the Vestibular Rehabilitation App™ to be flexible to
interact with.

Results of the Usefulness, Motivation, and Enjoyment
Questionnaire

All participants agreed that if they had to use the app at home,
it would help them do the exercises independently (Figure 6).
They agreed that they would use the app and that they would
recommend the app to their friends and family members
with dizziness or a balance problem. All participants liked the
different levels and felt motivated when playing the games.
Nine participants felt motivated when they saw their scores or
trophies in the application and 4 reported that they would feel
more motivated using a social version of the application. All
subjects responded that it was fun to carry out the vestibular
rehabilitation exercises. Four subjects indicated that they felt
worry and frustration, and only two subjects that they felt
nervous while doing the exercises.

Open Ended Feedback
Five Open-Ended questions around the entire session concluded
the session. Responses to the questions are reported below.

1) “How challenging was the session?” 5 subjects responded
that the session was a good challenge, 2 responded that it
was minimally challenging, 2 said that it was not challenging,
but some games were difficult to understand, and 1 person
responded it was challenging as she was not familiar with
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FIGURE 3 | Ratings of the different games, indicating the number of subjects agreeing or disagreeing with the statements.

tablets or games. Most subjects indicated that some games
were more challenging than others.

2) “What are the positive features of the app?” subjects responses
included: visuals are great; active games; colorful and variety
of games, enjoyed the competitiveness, liked the practice
opportunity, instructions were straightforward, exercises got
more challenging, using the sensor to control the games.

3) “What did you not like about the app?” were as follows:
visibility and speed were too fast on some games, instructions

on some games (3D VOR and gaze shifting) were confusing,
frustration because they could not succeed in the games due to
sensor not moving accurately.

4) “What changes would you like to see?” participants
suggestions include: too hard to play the 3D VOR game,
screen and character color similarities made it difficult to see
the screen; Single-Leg balance was too easy, create varying
degrees of difficulty; provide clearer instructions; improve
graphics, identify goals or levels you try to reach, more positive
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reinforcement; toggle on/off audio-music or sound effects;
provide feedback during the game about quality of movements
(e.g., pause the game and give a reminder); explain the scores,
as there was no reference to know if it was a good or a
bad score.

5) “Do you see any barriers to using this app at home?” The main
barriers identified were related to use of technology, the need
to be comfortable using the tablet and sensor. Concerns about
finances and having to buy a tablet and stand for the tablet,

and placement of the tablet in a safe space in the home with
adequate lighting and no glare.

DISCUSSION

The aims of this study were to use a Clinician-Informed design
to develop, implement and test an app to deliver a rehabilitation
program congruent with the CPG for peripheral vestibular
hypofunction. Although technology has the potential to keep
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FIGURE 6 | Overview of responses to the usefulness, motivation, and enjoyment questionnaire.

patients engaged by providing the exercises in a game format,
with interesting storylines and graphics, exercises adapted into
technology must be evidence based. The Clinical Practice
Guidelines for Vestibular Hypofunction were used to guide
exercise selection, prescription, and progression (8). Clinicians
were included in the app design from the beginning and their
feedback was considered at every stage to include elements in
the app that addressed patient deficits, education, safety, and
overall wellbeing.

Vestibular rehabilitation is an Exercise-Based approach that
includes exercises to promote gaze stability, exercises to improve
balance, habituation exercises to reduce symptoms, and walking
for endurance. Of these, gaze stabilization exercises can be used
either for adaptation or substitution of the vestibulo-ocular
reflex depending on the severity of the hypofunction and if
the involvement is unilateral or bilateral. Adaptation exercises
require head movement while maintaining focus on a target,
while substitution exercises use other strategies such as smooth
pursuit eye movements to compensate for lost function. These
exercises are effective in reducing symptoms of dizziness and fall
risk after acute (28, 29) and chronic (6, 7) vestibular lesions as well
as in older adults with complaints of dizziness without vestibular
dysfunction (30). During structured interviews, all therapists
involved in this study identified gaze stability and balance
exercises as essential components of the rehabilitation program.

Poor adherence to vestibular rehabilitation exercises is a
barrier that was reported by all clinicians involved in the
study. To overcome the repetitive nature of the exercises
and to engage patients during the program, the Vestibular
Rehabilitation App™ was designed with gaming elements,

engaging graphics, and feedback on performance. We found
that older adults with no prior experience with these games
found the exercises engaging, the app interface easy to use,
and felt motivated to do their best. However, results of our
study show that to make the experience enjoyable, the games
need to be clearly explained and the user interface needs to
be intuitive. Additionally, the games that were too easy did
not seem motivating but the games that were too difficult
to perform or when the link between the sensor and the
character on the screen was not precise, caused frustration.
These factors such as simple instructions, intuitive user interface,
and the right amount of challenge must be considered to keep
patients engaged.

Participants were eager to know how they performed and
reported that they appreciated the instant feedback to improve
the accuracy of game performance but also wanted the terminal
feedback to know what their total score was compared to the
highest score possible. These are important factors that can
increase motivation and thus adherence to the exercise program.
Future iterations of the Vestibular Rehabilitation App™ will
include feedback strategies such as adding a story line, showing
progress toward goals, and visually representing change over
time. Artwork is important. Our findings show that artwork is a
good way to get people to engage with the games. Several subjects
remarked that they liked the graphics, though some also noted
problems with contrast. When designing games for people who
are sensitive to visual stimuli, it is important to consider color
and graphics. For example, Whitney et al. (31) found that age
and presence of dizziness can affect strategies to find objects in
a virtual environment.
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This study was to inform the design of the initial prototype
version of the Vestibular Rehabilitation App™ and to see
where improvements were needed. Findings from this study
will be considered in the development of future versions
of the app. Future directions include creating a Web-Based
prescription portal for therapists so that the number of exercises
and their frequency can be easily prescribed. Additionally,
accuracy of exercise performance and symptom severity with
each exercise will be built into the portal and so that
the results can be viewed easily in the form of graphs
and tables, showing recovery trends over days, weeks, and
months. Machine learning algorithms will be used to identify
when mistakes in exercise performance are made so that the
app can stop the exercise to provide feedback and ensure
accurate performance. Validated questionnaires such as the
Dizziness Handicap Inventory (23), and Activity-specific Balance
Confidence scale (ABC) (22) will be incorporated into the app
so that clinicians can track progress over time. This future
development will get the app ready for testing on vestibular
patients as well as clinical trials to demonstrate effectiveness of
the app.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Institutional Review Board at the

REFERENCES

1. Agrawal Y, Carey JP, Della Santina CC, Schubert MC, Minor LB. Disorders
of balance and vestibular function in US adults. Arch Intern Med. (2009)
169:938. doi: 10.1001/archinternmed.2009.66
2. Whitney SL, Alghadir AH, Anwer S. Recent evidence about the
effectiveness of vestibular rehabilitation. Curr Treat Options Neurol. (2016)
18:13. doi: 10.1007/s11940-016-0395-4
3. Patatas OHG, Gananga CE Gananga FF. Quality of life of individuals
submitted to vestibular rehabilitation. Braz ] Otorhinolaryngol. (2009) 75:387-
94. doi: 10.1590/S1808-86942009000300014

. Jung JY, Kim J-S, Chung PS, Woo SH, Rhee CK. Effect of vestibular
rehabilitation on dizziness in the elderly. Am ] Otolaryngol. (2009) 30:295-
9. doi: 10.1016/j.amjot0.2008.06.013

5. Bayat A, Pourbakht A, Saki N, Zainun Z, Nikakhlagh §,
Mirmomeni G. Vestibular rehabilitation outcomes in the elderly
with chronic vestibular dysfunction. Iran Red Crescent Med J. (2012)
14:705-8. doi: 10.5812/ircmj.3507

6. Hall CD, Schubert MC, Herdman §J.
reduction as measured by dynamic gait index
with  unilateral ~ vestibular  hypofunction.  Otol
25:746-51. doi: 10.1097/00129492-200409000-00017

7. Herdman §J, Schubert MC, Das VE, Tusa RJ. Recovery of dynamic visual
acuity in unilateral vestibular hypofunction. Arch Otolaryngol Neck Surg.
(2003) 129:819-24. doi: 10.1001/archotol.129.8.819

8. Hall CD, Herdman SJ, Whitney SL, Cass SP, Clendaniel RA, Fife TD,
et al. Vestibular rehabilitation for peripheral vestibular hypofunction:

of fall
individuals
(2004)

Prediction risk
in
Neurotol.

University of Kansas Medical Center. The participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

PR and NP contributed to conception and design of the study.
LD contributed to the design of the human subject testing and
collected and summarized all data. PR analyzed, presented data,
and wrote the first draft of the manuscript. LD and KS wrote
sections of the manuscript. All authors contributed to manuscript
revision, read, and approved the submitted version.

FUNDING

Research reported in this publication was supported by
the NIDCD of the National Institutes of Health (NIH)
(R44DC017408; PI PR).

ACKNOWLEDGMENTS

We would like to thank all physical therapists and subjects who
participated in and supported this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2022.836571/full#supplementary-material

American
practice
(2016)

an evidence-based clinical practice guideline from the
physical therapy association neurology
guidelines introduction and methods. ] Neurol Phys
40:124-55. doi: 10.1097/NPT.0000000000000120
9. Hall CD, Herdman §SJ, Whitney SL, Anson ER, Carender WJ,
Hoppes CW, et al. Vestibular rehabilitation for peripheral vestibular
hypofunction an updated clinical practice guideline from the academy
of neurologic physical therapy of the american physical therapy
association. | Neurol Phys Ther. (2021). doi: 10.1097/NPT.000000000000
0382
Yardley L, Barker F Muller I, Turner D, Kirby S, Mullee M, et al.
Clinical and cost effectiveness of booklet based vestibular rehabilitation for
chronic dizziness in primary care: Single blind, parallel group, pragmatic,
randomized controlled trial. BMJ. (2012) 344:e2237. doi: 10.1136/bmj.
€2237
. Pavlou M, Bronstein AM, Davies RA. Randomized trial of supervised
versus unsupervised optokinetic exercise in persons with peripheral
vestibular ~ disorders. Neurorehabil Neural Repair. (2013) 27:208-18.
doi: 10.1177/1545968312461715
Varriano B, Sulway S, Wetmore C, Dillon W, Misquitta K, Multani N, et al.
Vestibular exercises as a fall prevention strategy in patients with cognitive
impairment. Can ] Neurol Sci / ] Can des Sci Neurol. (2020) 47:126-30.
doi: 10.1017/c¢jn.2019.309
Kao CL, Chen LK, Chern CM, Hsu LC, Chen CC, Hwang SJ. Rehabilitation
outcome supervised exercise programs for
chronically dizzy patients. Arch Gerontol Geriatr. (2010) 51:264-7.
doi: 10.1016/j.archger.2009.11.014

clinical
Ther.

section

in home-based versus

Frontiers in Neurology | www.frontiersin.org

10

February 2022 | Volume 13 | Article 836571


https://www.frontiersin.org/articles/10.3389/fneur.2022.836571/full#supplementary-material
https://doi.org/10.1001/archinternmed.2009.66
https://doi.org/10.1007/s11940-016-0395-4
https://doi.org/10.1590/S1808-86942009000300014
https://doi.org/10.1016/j.amjoto.2008.06.013
https://doi.org/10.5812/ircmj.3507
https://doi.org/10.1097/00129492-200409000-00017
https://doi.org/10.1001/archotol.129.8.819
https://doi.org/10.1097/NPT.0000000000000120
https://doi.org/10.1097/NPT.0000000000000382
https://doi.org/10.1136/bmj.e2237
https://doi.org/10.1177/1545968312461715
https://doi.org/10.1017/cjn.2019.309
https://doi.org/10.1016/j.archger.2009.11.014
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

DSilva et al.

Vestibular Rehabilitation Gaming App

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Choi YH, Paik NJ. Mobile game-based virtual reality program for
upper extremity stroke rehabilitation. J Vis Exp. (2018) 133:56241.
doi: 10.3791/56241

Chen P-Y, Hsiech W-L, Wei S-H, Kao C-L. Interactive wiimote gaze
stabilization exercise training system for patients with vestibular
hypofunction. ] Neuroeng Rehabil. (2012) 9:77. doi: 10.1186/1743-0003-9-77
Szturm T, Reimer KM, Hochman J]. Home-based computer gaming in
vestibular rehabilitation of gaze and balance impairment. Games Health ].
(2015) 4:211-20. doi: 10.1089/g4h.2014.0093

Bonnechére B, Jansen B, Omelina L, van Sint Jan S. The use of
commercial video games in rehabilitation. Int ] Rehabil Res. (2016) 39:277-90.
doi: 10.1097/MRR.0000000000000190

Meldrum D, Herdman S, Moloney R, Murray D, Duffy D, Malone K,
et al. Effectiveness of conventional versus virtual reality based vestibular
rehabilitation in the treatment of dizziness, gait and balance impairment in
adults with unilateral peripheral vestibular loss: A randomised controlled trial.
BMC Ear Nose Throat Disord. (2012) 12:3. doi: 10.1186/1472-6815-12-3

Chin JP, Diehl VA, Norman KL. Development of an instrument measuring
user satisfaction of the human-computer interface. In: Conference on Human
Factors in Computing Systems - Proceedings. New York, NY: Association for
Computing Machinery (1988). p. 213-8. doi: 10.1145/57167.57203

Davis FD. Perceived usefulness, perceived ease of use, and user acceptance of
information technology. MIS Q. (1989) 13:319. doi: 10.2307/249008

Silveira P, van de Langenberg R, van het Reve E, Daniel F Casati
E de Bruin ED. Tablet-based strength-balance training to motivate and
improve adherence to exercise in independently living older people: A
phase II preclinical exploratory trial. ] Med Internet Res. (2013) 15:e159.
doi: 10.2196/jmir.2579

Powell LE, Myers AM. The activities-specific
(ABC) scale. | Gerontol A Biol Sci Med Sci.
doi: 10.1093/gerona/50A.1.M28

Jacobson GP, Newman CW. The development of the dizziness handicap
inventory. Arch Otolaryngol Head Neck Surg. (1990) 116:424-7.
doi: 10.1001/archotol.1990.01870040046011

VEDA (Vestibular Disorder Association). Available online at: https://
vestibular.org/ (accessed December 14, 2021).

Consumer Information: Vestibular Disorders & Dizziness - Academy of
Neurologic Physical Therapy. Available online at: https://www.neuropt.org/
consumer-info/neurologic-disorders-index/vestibular- disorders- dizziness
(accessed December 14, 2021).

SilverSneakers. Available online at: https://tools.silversneakers.com/ (accessed
December 14, 2021).

Healthy Living - American Heart Association. Available online at: https://
www.heart.org/en/healthy-living (accessed December 14, 2021).

balance confidence
(1995) 50A:M28-34.

28. Enticott JC, O’Leary S], Briggs RJS. Effects of vestibulo-ocular reflex
exercises on vestibular compensation after vestibular schwannoma
surgery. Otol Neurotol. (2005) 26:265-9. doi: 10.1097/00129492-200503000-

00024

29. Herdman §], Clendaniel RA, Mattox DE, Holliday M],
Niparko  JK.  Vestibular  adaptation  exercises and  recovery:
acute stage after acoustic neuroma resection. Otolaryngol Head
Neck Surg. (1995) 113:77-87. doi: 10.1016/S0194-5998(95)
70148-6

. Hall CD, Heusel-Gillig L, Tusa R], Herdman SJ. Efficacy of gaze stability
exercises in older adults with dizziness. ] Neurol Phys Ther. (2010) 34:64-9.
doi: 10.1097/NPT.0b013e3181dde6d8

Whitney SL, Sparto PJ, Hodges LE Babu S V., Furman JM, Redfern
MS. Responses to a virtual reality grocery store in persons with
and without vestibular dysfunction. Cyberpsychol Behav. (2006) 9:152-6.
doi: 10.1089/cpb.2006.9.152

31.

Author Disclaimer: Content is solely the authors responsibility and does
not necessarily represent official views of the NIH, or represent official
policy or position of the Department of Veteran Affairs or any other U.S.
government agency.

Conflict of Interest: NP, KM, TZ, and PR are employed by CFD Research
Corporation and MR was employed by CFD Research Corporation at the time this
research was conducted.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 DSilva, Skop, Pickle, Marschner, Zehnbauer, Rossi and Roos.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Neurology | www.frontiersin.org

11

February 2022 | Volume 13 | Article 836571


https://doi.org/10.3791/56241
https://doi.org/10.1186/1743-0003-9-77
https://doi.org/10.1089/g4h.2014.0093
https://doi.org/10.1097/MRR.0000000000000190
https://doi.org/10.1186/1472-6815-12-3
https://doi.org/10.1145/57167.57203
https://doi.org/10.2307/249008
https://doi.org/10.2196/jmir.2579
https://doi.org/10.1093/gerona/50A.1.M28
https://doi.org/10.1001/archotol.1990.01870040046011
https://vestibular.org/
https://vestibular.org/
https://www.neuropt.org/consumer-info/neurologic-disorders-index/vestibular-disorders-dizziness
https://www.neuropt.org/consumer-info/neurologic-disorders-index/vestibular-disorders-dizziness
https://tools.silversneakers.com/
https://www.heart.org/en/healthy-living
https://www.heart.org/en/healthy-living
https://doi.org/10.1097/00129492-200503000-00024
https://doi.org/10.1016/S0194-5998(95)70148-6
https://doi.org/10.1097/NPT.0b013e3181dde6d8
https://doi.org/10.1089/cpb.2006.9.152
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Use of Stakeholder Feedback to Develop an App for Vestibular Rehabilitation–Input From Clinicians and Healthy Older Adults
	Introduction
	Materials and Methods
	Clinician Feedback
	Vestibular Rehabilitation Application
	Gaze Stability
	VOR
	Gaze Shifting

	Balance Games
	Single Leg Standing
	Weight Shifting


	Human Subject Testing

	Results
	Clinician Feedback
	Session 1–Identifying Relevant Exercises
	Session 2–Defining Requirements and Instructions for Exercises
	Session 3–Exercise Progression
	Session 4–Techniques to Improve Adherence
	Session 5–Patient Education
	Session 6–Safety Measures

	Application Testing
	Results Game Evaluation Questionnaire
	Results of the User Interface Questionnaire
	Results of the Perceived Ease of Use Questionnaire
	Results of the Usefulness, Motivation, and Enjoyment Questionnaire
	Open Ended Feedback


	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


