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Wearable Sensors for Vestibular Rehabilita-
tion: A Pilot Study

Abstract

Background: Vestibular rehabilitation is used to treat dizziness and balance
disorders with varying degrees of success. One limitation in current clinical
vestibular rehabilitation practice is that head and trunk movement lack objective
quantification. Wearable inertial measurement units (IMUs) provide objective
measures, which could help determine dosing factors and improve vestibular
rehabilitation efficacy. The purpose of this study was to explore IMU- quantified
values for cervical and trunk range of motion (ROM) and peak angular velocity
during four common vestibular rehabilitation exercises and to determine the
consistency of participant performance between visits.

Methods: Eighteen participants (28.7 (5.1) years, 9 female) completed two,
30-second trials of four common vestibular rehabilitation exercises (gaze
stabilization, visual motion sensitivity, static balance with head turns, and walking
with head turns) on two separate days (11.1 (7.6) days between). Two IMUs,
forehead and sternum, quantified cervical and trunk ROM and peak angular
velocity in the transverse and sagittal planes. Intraclass correlation models were
used to assess the between visit reliability of participants’ exercise performance.

Results: Mean cervical ROM ranged from 64.2-175.9° (transverse) and 43.9-
106.5° (sagittal) across the four exercises, mean trunk ranged from 1.33-169.2°
(transverse) and 2.8-83.9° (sagittal). Mean cervical peak angular velocity ranged
from 223.8-387.4°/s (transverse) and 170.4-256.8°/s (sagittal) across the four
exercises, mean trunk ranged from 6.1-211.1°/s (transverse) and 15.2-140.2°/s
(sagittal). Participant performance consistency ranged from moderate to excellent
(IcC [3, 2] 0.57-0.93) for ROM and peak angular velocity.

Conclusion: These results suggest that clinicians could use IMUs to objectively
guantify patient performance and progress, but reliability may be exercise specific.
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Introduction

Balance impairments are common, with over 33 million adults
in the United States reporting dizziness or balance problems
per year and roughly 13% of neurological patients in emergency
departments complaining of dizziness [1, 2]. More than 29%
of adults over 60 years old reported dizziness to their clinician,
which can lead to twice the risk of falls in that age group [3,
4]. Further, half of people who fall due to dizziness are likely
to become recurrent fallers [5]. Unfortunately, dizziness and
falls are related to disability and decreased quality of life [6-8].
Dizziness, falls and imbalance are common across populations,

even in young people. Up to 81% of people with mild traumatic
brain injury (mTBI) report dizziness immediately following injury,
while about 18% continue to complain about dizziness up to
three months following injury [9-11]. Dizziness also occurs in
diseases of the nervous system, with 59% of people with Multiple
Sclerosis complaining of dizziness [12]. Over 40% of people with
vestibular-related dizziness are unable to work, and 19% are
home restricted [13].

Vestibular rehabilitation is a common approach to reduce
dizziness and balance impairments across populations whereby
patients are instructed to perform exercises that involve very
specific head movements and balance exercises to promote
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better gaze stability and postural control [9, 14-17]. There are
some overarching guiding principles for optimizing the efficacy
of vestibular rehabilitation that relate to approach, customization
and timing. Generally speaking, vestibular rehabilitation should
be active, started early, customized and progressive [18].

Dosing factors, such as movement and range of head movements,
are important aspects that may impact outcomes, but less is
known about these practices [19]. A clinical practice guideline for
vestibular hypofunction reported that there is very little evidence
available for dosing recommendations and stated that researchers
should ‘examine the impact of frequency, intensity, time, and type
of exercises on rehabilitation outcomes’ [20]. However, though
the intensity (e.g. velocity of head movement) dose factor is
likely a critical aspect of vestibular rehabilitation, it is not well
defined or easily measured. Head movement to transient stimuli
can exceed 150°/s, which exceeds vestibular ocular reflex (VOR)
compensation abilities observed in patients with neuritis [21-23].
Studies have shown that vestibular rehabilitation training for gaze
stabilization performed at slower head movement velocities (i.e.
<150°/s) does not improve VOR responses that are required for
daily activity [21, 22] VOR gain relies on the ratio between head
and eye velocities, resulting in retinal slip, which induces the
error signal responsible for VOR adaptation. Importantly, retinal
slip cannot be achieved without enough head velocity.

Secondarily, range of motion (ROM) plays a role in vestibular
rehabilitation intensity, but like velocity, measuring ROM
during vestibular rehabilitation exercises is subjective for
current vestibular rehabilitation techniques. Using objective
assessments, such as wearable sensors, could increase the ability
to characterize velocity and ROM during vestibular rehabilitation,
thereby helping to establish dosing guidelines.

Inertial Measurement Units (IMUs) are used to measure multiple
aspects of balance and gait, and have been shown to be valid
across populations with balance impairments [24-26]. Further,
advances in algorithms permit use for unconventional sensor
placement locations, including on the head and trunk [27].
Recently published data has established IMUs as valid tools for
characterizing head and trunk movement, such as those used
during common vestibular rehabilitation exercises [27, 28].
Theoretically, both clinicians and patients could benefit from
objective characterization of patient performance and progress
across the rehabilitation timeline.

One important component for adding objective quantification
of head velocity and ROM would be normative values to help
set rehabilitation goals. There is limited published normative
data for vestibular rehabilitation exercises. The exceptions are
for the seated gaze stabilization exercise with angular velocity
as the outcome variable [29-35]. These normative angular
velocities ranged from 129-287°/s, and represent a range of
populations (e.g. young adult, older adult, and athletes) [29-35].
Given that vestibular rehabilitation requires increasingly difficult
conditions (e.g. seated to standing, standing to walking, etc.), it
is important to explore ROM and angular velocities across the
common vestibular rehabilitation exercises that incorporate head
movement.
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The purpose of this study was to implement IMUs during
four commonly used vestibular rehabilitation exercises: gaze
stabilization, visual motion sensitivity, static balance with head
turns, and walking with head turns, as a preliminary step to
establishing normative values for cervical and trunk ROM and
velocity. The second purpose was to investigate the consistency
of healthy participant performance of vestibular rehabilitation
exercises across time using intraclass correlations. We hypothesize
that healthy adults would have good (intraclass correlation
coefficient >0.75) consistent head velocity and ROM, given the
same instructions on separate days. Establishing consistency of
vestibular rehabilitation exercise performance will help interpret
aberrant patient findings.

Research Methodology

Participants

A convenience sample of 20 healthy control subjects were
recruited. Inclusion criteria consisted of participants being
between 20-40 years old and the ability to complete two
testing sessions within 30 days. Exclusion criteria consisted of
participants: 1) having musculoskeletal, neurological, or sensory
deficits that could cause balance dysfunction 2) reporting neck
pain or 3) being pregnant. This study was approved by the
Oregon Health & Science University Institutional Review Board.
Signed informed consent was obtained from all participants prior
to participation.

Procedure

Subjects were evaluated using a vestibular exercise testing
battery on two separate days (mean [s, d] time between testing
= 11.1 [7.6] days). The testing battery included four common
vestibular exercises, which were performed in the transverse
plane (left/right rotations) and the sagittal plane (up/down
motions): 1) Gaze stabilization/VOR; 2) Visual motion sensitivity
(VMS); 3) Static balance with head turns; and 4) Walking with
head turns. These four exercises are well established as common
vestibular rehabilitation exercises and they incorporate varying
levels of difficulty [18, 36]. Unlike the previous literature
reporting normative data for seated gaze stabilization, the four
exercises were measured using standard, progressively difficult
levels of exercises to include standing and walking conditions.
Two trials were completed per exercise resulting in 16 trials per
session (4 exercises, 2 planes of movements and 2 trials each).
Each trial lasted for 30 seconds. Further information on each of
the exercises is represented in Figure 1. Testing was performed
outside of a controlled laboratory environment and included
clinical offices and clinic spaces. Each subject performed the
testing battery at the same location for both days. Each exercise
was instructed (see Figure 1 for instructions) and demonstrated by
the same physical therapist for both testing sessions. If a trial was
performed incorrectly, the trial was stopped, and the participant
was reinstructed to ensure the exercise was done correctly. The
instructions and any subsequent corrections followed previously
reported guidelines. Participants were provided the opportunity
to take a short break as needed throughout the testing session.

Data were collected using two synchronized, wireless Opal V2
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Exercise

Description

Gaze StabdratonVOR

Famicipants stood with heed shoulder wadlh apart. A popsatike Shck walh a
1d-pamil fort kefler *A" altached was hiskd oul o am'slength by the
pariicipant. Participants were instrucied to either a) rotate their head left
and nght or b)) nod ther head up and down, @ quickly a5 possble whils
keeping the *A” in focus and keeping ther body sieady

. | Vissual Motion Senstny

Paricipants stood with feet shoulder wadth apart and held the same
popsicle stick oul & am's length using both hands. In these irals
participanis a) rotated leftiright or b) up and down al the hips keeping
Their trunk in ke with their head as they moved (2. en bloc). Paricipants
were asked to rolate’bend as quickly and as lar asthey could while
keeping the "A" in focus

Stabe Stance with head humns

| Paicipants Stood feet shoulder wadth apan on & iirm surface wilh eyes
closed They were nsbrucied o movether head as quickly and as far as
fhey could while mantaning thewr balance. The exercise was completed
| fior both a) leftinght head rotaton, and b) upidown haad nodding

/f ok
Participants were instructed to walk at @ comfortable pace whils: maving
their ead as quickly as they could while maintaining therr balance. The

exercise was completed for both ) lefiright head rotation, and b)
up/down head nodding.

Figure 1 Each subject performed the testing battery at the same location for both days. Each exercise was instructed.

N

\_

IMUs (APDM, Inc., Portland, OR); one attached to the center /
of the forehead and one to the sternum with elastic straps for
all of the exercises Figure 2. Data were processed using Moveo
Software (APDM Inc., Portland, OR). The joint axes are determined
by a combination of the sensor placement and calibration pose.
Segment orientation is determined through sensor fusion with
the accelerometer providing a tilt reference, the magnetometer
providing a heading reference, and the gyroscope providing
measurements on how the orientation changes with time. Joint
angles are then determined by the relative orientation between
adjacent segments. Cervical and trunk ROM, and peak angular Sternum
velocity in both the sagittal and transverse planes were measured sensor
for each vestibular rehabilitation exercise condition. z

Statistical Methods

The variables of interest were the ROM and the peak angular
velocity of the head and trunk. As a preliminary step to M
establishing normative values for the objective quantification
of vestibular rehabilitation exercises we calculated the mean,
standard deviation, minimum and maximum values for each of
the ROM and angular velocity outcome variables. To examine
how consistently people performed between sessions, a two-
way mixed effects ICC (3,2) model assessed absolute agreement k /
of the means between session one and two. This ICC (3,2) model
was selected based on previously reported guidelines [38]. ICCs

J

Head sensor

Figure2 Data were collected using two synchronized,
wireless Opal V2 IMUs (APDM, Inc., Portland, OR);
one attached to the center of the forehead and
one to the sternum with elastic straps for all of the
exercises.

thresholds [39]. In addition to the ICCs, we calculated the mean

were interpreted as poor (<0.50), moderate (0.50-0.75), good
(0.75-0.90), or excellent (>0.90) reliability based on established

© Under License of Creative Commons Attribution 3.0 License

differences between sessions, with the 95% confidence intervals
for the mean differences. Alpha was set a priori to p<0.05,
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and 95% confidence intervals have been included to aid the
interpretation of the reader. Statistical analyses were run in IBM
SPSS version 25.

Results

Of the 20 participants, data from 18 participants were analyzed.
Two people were excluded due to technical issues relating
to movement during a 3 second pre-trial calibration. The 18
participants that were analyzed were 28.7(s, d, 5.1) years old and
nine were female.

ROM and Peak Angular Velocity Values

Means, standard deviations, and the minimum and maximum
values for the ROM and peak angular velocity for both segments
(cervical and trunk) and each exercise are provided in Table 1.

Consistency of Participant Performance

Between session agreement (ICC[3,2]) ranged from good to
excellent for cervical ROM and peak angular velocity, with the
lowest agreement occurring for cervical ROM during the VMS
task in the transverse plane. Between session agreement for
the trunk ROM and peak angular velocity ranged from poor to
excellent Figure 3. The mean differences and 95% confidence
intervals are in Table 2.
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Discussion

This pilot study set out to implement IMUs during four common
vestibular rehabilitation exercises as 1) the first attempt to
quantify standing and walking vestibular rehabilitation exercise
conditions, a preliminary step to establishing normative values
for cervical and trunk ROM and velocity in these four commonly
used exercises and 2) to determine how consistently healthy
people perform these four common exercises over time. Healthy
adults have faster angular velocities and more ROM during the
standing and walking exercises than previous reports during
the seated exercise conditions. Our results suggest that healthy
adults perform vestibular rehabilitation exercises similarly over
time, both in terms of peak angular velocity and ROM of the
head and trunk. Further, IMU measurements during vestibular
rehabilitation could be useful for setting targeted goals and
tracking improvements during vestibular rehabilitation both in
the clinic and at home.

We report IMU quantification of performance data across four
common vestibular rehabilitation exercises during quiet standing
and gait, which expands on the limited normative data available
for the seated gaze stabilization exercise [29-35]. In general, the
values for cervical velocity during quiet standing gaze stabilization
we report are higher than published values for transverse and
sagittal plane velocities during seated gaze stabilization. In the

Table 1: The means are presented as mean (standard deviation). The Min-Max provide the minimum and maximum values recorded during any one

trial, at either time point.

Gaze Stabilization
Sagittal

Transverse

Min-Max 18.01-85.85

Min-Max

2.97-
18.52

5.33-

Min-Max 29.32

Visual Motion Sensitivity
Transverse

123.34-
327.59

Gait
Transverse

Balance

Sagittal Transverse Sagittal Sagittal

46.79-
292.20

4.53-

2011 35.53-95.48 35.58-87.20

Table 2 The mean differences and 95% confidence intervals.

. Gaze Stabilization
Variables .
Sagittal

Transverse Transverse

Visual Motion Sensitivity

Gait
Transverse

Balance

Sagittal Transverse Sagittal Sagittal

Trunk

Trunk

(-1.0-4.0)  (-2.5-2.7)  (-23.5-7.2)

(-11.7-39.0)

(0.9-56)  (-5.9-5.0) (-14.2--0.5) (-10.9-2.0)
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Figure 3 Vestibular rehabilitation therapy (VRT) exercises. A: Gaze stabilization exercise. B: Visual motion sensitivity exercise. C:
Standing while moving head exercise. D: Walking while moving head exercise. X-axis = ICC coefficient values; lines represent
the 95% Cls; Blue = peak angular velocity ICCs; Red = ROM ICCs; Lighter colors = transverse plane ICCs; Darker colors = sagittal
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civilian population, the average maximum transverse velocity
ranged from 129°/s to 169°/s, for those over 60 years old and
under, respectively [31,35]. These values are lower than those
observed in athlete populations, which report between 134°/s to
287°/s [30,32,34]. Other attempts at providing seated normative
transverse velocities implemented metronome-based pacing (50
beats/min), which is equivalent to approximately 133°/s [33] In
a younger, between 20 and 49 years old, healthy population,
seated normative values for sagittal plane gaze stabilization was
faster, averaging 190°/s [29]. Regardless of movement plane,
results suggest that age and skill (athlete versus non-athlete)
are underlying factors in seated cervical velocity during gaze
stabilization. The values reported herein may be higher due
to the standing position of the task, allowing for some sternal
movement, increasing the velocity of cervical movement.
Importantly, more complex conditions of vestibular rehabilitation
(e.g. walking with head turns) have not had relevant outcome
values reported to date. In order to establish complete normative
data, future investigations should quantify angular velocity and
ROM in larger groups, across the vestibular rehabilitation exercise
difficulty levels.

Peak angular velocity was consistently reliable across vestibular
rehabilitation exercises, with only three of 16 velocity measures
exhibiting 95% Cls that extend into poor reliability (ICC < 0.50). In
fact, 64% (n = 7 of 11) of the lowest velocity reliability (ICC 95%

© Under License of Creative Commons Attribution 3.0 License

Cl lower bound < 0.75) was observed in trunk angular velocity.
ROM had five of 16 ICCs categorized as poor, three of which were
specific to the trunk Jheng et al., [40] found excellent (ICC = 0.98)
subject performance consistency between days, but they limited
cervical ROM to 60° left and right (total of 120° of movement)
with visual end point goals for rotation, while we implemented
no limitations on ROM. Further, there was no description of the
time between or the number of subjects in the investigation. The
average cervical ROM observed in the results herein, regardless
of vestibular rehabilitation exercise, was greater than 60°. While
several subjects had a maximum cervical ROM over 200°, this
excessive range is explained by additional movement from the
trunk. This compensatory strategy may have played a critical role
in the poorer repeatability scores for the sternal transverse ROMs
observed.

Though IMUs have been used for gait and balance characterization
across a multitude of clinical populations, less work has measured
head and trunk movements during complex activities requiring
vestibular influence on balance and gait [41-47] Across the seven
studies that quantified a vestibular rehabilitation exercise (only
cervical velocity during seated gaze stabilization), three used
optical tracking equipment [30-32], three used accelerometer
and/or IMU technology [29, 34-35] and one used a clinician’s
visual inspection of patient matching their head movement with
the beat of a metronome [33]. The results herein, quantification
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of trunk movement had lower validity than cervical movement.
Combined, the results of these studies provide support for IMU
implementation in vestibular rehabilitation-based exercises,
while the results herein expand on these previous reports.

Potential advantages to adding IMUs during vestibular
rehabilitation exercises include improved dosage and
performance quality. As discussed, cervical angular rotation
required for improved VOR needs to be at least 150°/s, though
some populations may require increased velocities that are
lifestyle specific. For instance, vestibular rehabilitation cervical
velocity training might require increased velocity thresholds (e.g.
> 150°/s) for athletes than non-athletes, while decreased cervical
velocity thresholds (e.g. < 150°/s) might be sufficient for older
adult populations. Clinical trials aimed to determine the effects
of these dosing factors on the efficacy of vestibular rehabilitation
are necessary to further improve vestibular rehabilitation
outcomes in specific populations. For quality exercise form, the
trunk should remain still for vestibular rehabilitation exercises,
thereby isolating head movement. Aside from the VMS exercise
where there is exaggerated trunk movement and the trunk
and head move together, extra trunk motion may be a sign of
compensation (adding to cervical velocity and ROM via the trunk)
for inability to achieve 150°/s. Though, specific to the standing
VMS condition, the trunk and cervical ROM and velocities should
be tightly synced for correct performance. IMU information can
provide added detail about the individual segment ROM and
velocity, detailing intersegmental coordination. Data from the
trunk would provide clinicians additional information regarding
patient performance and strategy.

Across rehabilitation, most of the exercise occurs in the home.
IMUs may be useful in providing objective information on both
quality and quantity (e.g. dosing) of vestibular rehabilitation
exercise performance at home. Patients often avoid exacerbating
symptoms, thus limiting their ROM and velocity while performing
vestibular rehabilitation without supervision. Based on our
results, IMUs characterize and log information on performance,
which may improve vestibular rehabilitation exercise performance
as well as adherence at home. It is known that home exercises are
not as effective as supervised exercises performed in the clinic, in
part because of reduced compliance [48, 49] Previous studies have
found patient compliance, specific to vestibular rehabilitation
home exercise program, is one of the main barriers [50-52] A
systematic review of strategies used in vestibular rehabilitation
home exercise program adherence found strong evidence for a
combination of a written summary of exercises and a maintenance
log of home exercise program, including symptomology [53]
Others found a combination of specific adherence strategies such
as information and self-monitoring improved compliance and
adherence [22-24] The use of IMUs may add another objective
tool to improve compliance. Additionally, the physical therapist
could remotely access the data, which would allow for regular
monitoring of patient progress.

The IMUs used for this study had no previously established
algorithms to characterize vestibular rehabilitation, thus, we
worked with the company (APDM Inc.) to develop algorithms
for objectively measuring vestibular rehabilitation exercises [27].
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Development of the inertial system was iterative and utilized a
user-centered design to process feedback, reports, and measures.

Throughout this process, two main changes were made to
improve the reliability of the system and quality of the measures
and to enhance its usability. The first were changes to provide a
more informative error message in trials where there were no
head turns or missing sensor data from the gyroscope. These
did not result in any change in whether results were produced
or not, simply a more helpful error message that would benefit
both clinician and patient. The other changes included 1) relaxing
the thresholds for still period detection (initially these were set
based on foot sensor data for gait analysis and were updated
based on what is reasonable to expect during a still period for
the upper body sensor locations); 2) disabling turn detection for
standing trials, since the transverse condition was sometimes
being detected as a series of many gait turns and excluded from
analysis; 3) correcting sensor labels that were mislabeled during
sensor configuration.

Limitations. There are inherent limitations to this study. Although
we enrolled 20 participants, we only had data for both trials across
all conditions and both days for 18 participants. This pilot dataset
is comprised of a relatively small dataset. Additionally, the small
(N =18) cohort that participated were young, so the data may
not be applicable to all age groups. Future studies should assess
ROM and peak angular velocity normative performance across
ages, vestibular populations, and in larger cohorts. Although
not a direct limitation of this study, it should be acknowledged
that using IMUs in the clinic is in the early stages so access and
usability may still be a limitation for implementation.

Conclusion

Implementing IMUs to characterize cervical and trunk movement
during vestibular rehabilitation exercises shows promise
for providing reliable and objective information on exercise
performance. Using IMUs during vestibular rehabilitation
exercises has the potential to improve rehabilitation efficacy in
the clinic and at home. Specifically, the utilization of IMUs in the
clinic could help verify that the patients are doing the correct
exercise, at the correct speed, frequency and intensity. In the
future, IMUs could be instrumental for individualized patient care
through characterization of rehabilitation performance and aid in
a physical therapist’s exercise prescription, including examination
of compliance.
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