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Abstract.

BACKGROUND AND OBJECTIVE: This pilot study aimed to investigate the effects of incorporating vibrotactile sensory
augmentation (SA) on balance performance among people with unilateral vestibular disorders (UVD).

METHODS: Eight participants with UVD were recruited. Participants completed 18 balance training sessions across six
weeks in a clinical setting. Four participants (68.1 £ 7.5 yrs) were randomized to the experimental group (EG) and received
trunk-based vibrotactile SA while performing the balance exercises, and four participants (63.1 & 11.3 yrs) were assigned
to the control group (CG); CG participants completed the balance training without SA. Clinical and kinematic balance
performance measures were collected before training; midway through training; and one week, one month, and six months
after training.

RESULTS: All participants, regardless of group, demonstrated improvements in a subset of the clinical or balance metrics
immediately following completion of the balance training protocol. The EG showed significantly greater improvements than
the CG for the Activities-specific Balance Confidence Scale and postural stability during the two standing balance exercises
with head movements. The EG also had larger improvements than the CG for the Sensory Organization Test (SOT), Mini
Balance Evaluations Systems Test, Gait Speed Test, Dynamic Gait Index, Functional Gait Assessment, and vestibular reliance
metric calculated based on the SOT.

CONCLUSIONS: Incorporating vibrotactile SA into vestibular rehabilitation programs may lead to additional benefits that
may be retained up to six months after training compared to training without vibrotactile SA. A larger study is warranted to
demonstrate statistical significance between the groups.
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1. Introduction

From 2001 to 2004, approximately 35% of Amer-
icans aged 40 years and older experienced some
form of vestibular dysfunction, which was equiv-
alent to approximately 16 million new vestibular
patients per year [1]. People with vestibular disorders
have increased dizziness, reduced postural control,
increased fall risk and fear of falling, increased
interruptions of daily activities, and the need for
additional sick leave or medical consultation [2, 28,
46]. Vestibular rehabilitation therapy (VRT) is widely
prescribed to reduce dizziness and improve balance
control [6, 16, 25, 26, 30, 38, 43, 54, 65, 66]. VRT is
an exercise-based program that includes four major
types of exercises to facilitate central compensation:
gaze stability exercises, balance exercises, habitu-
ation exercises, and walking for endurance [25].
Physical therapists tailor the exercises to the indi-
vidual to optimize the effectiveness of VRT [40].
However, during VRT, a subset of individuals plateau
in progress and others fail to achieve complete com-
pensation resulting in partial recovery of function
and/or incomplete resolution of symptoms [9, 10, 13,
29, 33, 51].

Sensory augmentation (SA), which has been
widely explored in the last few decades, provides
additional cues to augment/substitute intact sensory
inputs from the somatosensory, visual and vestibular
systems [5]. Typical SA devices have one or multiple
sensors that measure body motion and a wearable dis-
play that provides instructional cues (e.g., vibrotactile
[3, 12, 36, 56, 58, 63, 64], visual [24], auditory [20,
27], electrotactile [5, 17], and multi-modal [18, 32,
35]). Numerous studies have shown that body sway
during balance tasks can be reduced in a real-time
manner when SA is provided [3, 5, 12, 17, 18, 20, 24,
217, 32, 35, 36, 56, 58, 63, 64].

Several studies have demonstrated that body sway
reductions can be retained for hours to days following
short-term (i.e., less than one week) balance training
with SA [17, 18, 56]. Other studies have investigated
changes in body sway or clinical outcomes follow-
ing multi-session (i.e., more than 1 week) training
with SA [9, 10, 14, 51]. For example, Basta et al.
reported reduced body sway and improved clinical
outcome measures (e.g., Sensory Organization Test
(SOT) and Dizziness Handicap Inventory (DHI)) in
people with vestibular disorders who trained with
vibrotactile SA over a two-week (i.e., ten-session)
training program, but observed no such effect in their
placebo group training with a sham device which

generated random SA cues [10]. Further, the bal-
ance improvements were retained at the three-month
follow-up assessment [10]. Similarly, Barros et al.
showed improved SOT scores among people with
bilateral vestibular loss following a two-week (i.e.,
six-session) balance training program with electro-
tactile SA [9]. Brugnera et al. found that after a
two-week VRT program people with vestibular disor-
ders who trained with vibrotactile SA had improved
clinical measures (e.g., SOT and Activities-specific
Balance Confidence (ABC) scale), but participants
who trained without vibrotactile SA showed no sig-
nificant improvements [14]. In summary, previous
studies have shown that balance improves when bal-
ance training is supplemented with SA, but the studies
lacked either a control group that trained without SA
or long-term follow-up assessments.

The aims of this study were to investigate whether
1) asix-week VRT training program (including stand-
ing, gait, and Vestibular Ocular Reflex (VOR) gaze
stabilization exercises) with vibrotactile SA leads to
larger reductions in body sway and clinical outcome
improvements compared with VRT alone among par-
ticipants with UVD who had previously completed
VRT, and 2) balance improvements are retained for
up to six months after the VRT program.

2. Methods
2.1. Participants

Sixteen people with UVD were recruited for study
eligibility assessment through referrals by physical
therapists and flyers at the University of Pittsburgh
Medical Center. A neurologist diagnosed the par-
ticipants with UVD based on the presence of a
reduced vestibular response greater than or equal
to 24% during caloric testing. Reduced vestibular
response was determined using Jongkees’ formula;
the peak slow component velocity was used to cal-
culate side differences [37]. The recruiting period
started in 2014 and ended in 2016. Participants
were excluded if they had confounding neurologic or
neuromuscular disorders; known pregnancy; recent
lower extremity fractures/severe sprains (within the
last six months); previous lower extremity joint
replacement; incapacitating back or lower extremity
pain; were unable to stand for three minutes without
rest; a body habitus that exceeded the dimensions of
the NeuroCom® EquiTest® Computerized Dynamic
Posturography (waist circumference >50 inches;
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Table 1
Demographic information for the participants with UVD who
completed the study

D Age Gender Time from Group
initial symptoms Designation
to start of study

1 64 M 50 months Control

2 47 F 10.5 months Control

3 67 F 324 months Control

4 68 F 31 months Experimental

5 63 F 26.5 months Experimental

6 79 M 16 months Experimental

7 74 F 79.5 months Control

8 63 F 46 months Experimental

weight <290 pounds); or a Montreal Cognitive
Assessment score of less than 26 points (a score
greater than or equal to 26 out of 30 points is
considered normal cognition on the MoCA, and
less than 26 points is indicative of impaired cogni-
tion [45]). People with cognitive impairments were
excluded because the effects of deficits in domains
such as attention on a person’s ability to attend and
respond to the vibrotactile cues are unknown. Seven
referrals were excluded because of low Montreal
Cognitive Assessment scores. All participants had
completed a standard VRT program prior to enroll-
ment. After enrollment, participants were randomly
assigned to an experimental group (EG) or a con-
trol group (CG) using a computerized randomization
calculator. Participants in the EG received super-
vised VRT combined with vibrotactile SA (except
during gait exercises), and participants in the CG
received supervised VRT without vibrotactile SA.
One participant in the CG dropped out of the study
because of an orthopedic injury unrelated to the study.
As shown in Table 1, four participants in the EG
(68.1 £ 7.5 yrs, one male) and four participants in the
CG (63.1 = 11.3 yrs, one male) completed the study.

All participants provided written informed consent
and the study was conducted at the university medical
center in accordance with the Declaration of Helsinki.
The study protocol was reviewed and approved by the
local institutional review board.

2.2. Protocol

Participants completed a 6-week, 18-session VRT
training program with five assessment sessions as
shown in Fig. 1. The assessments were performed
before training, midway through training, one week
after the training, one month after the training, and
six months after the training.

A physical therapist, who was blinded to the
participants’ group assignments, assessed each par-
ticipant’s balance; the treating physical therapist was
not blinded to the participants’ group assignments.
The assessment included a battery of clinical tests and
five standing balance exercises. Clinical tests were
performed in a randomized order and included the 1)
ABC Scale [41, 50], 2) DHI [34], 3) Computerized
Dynamic Posturography: SOT [15], 4) Mini Balance
Evaluations Systems Test (Mini-BESTest) [22], 5)
Functional Reach Test (FRT) [21], 6) Gait Speed Test
[47], 7) Timed Up and Go (TUG) [49], 8) Dynamic
Gait Index (DGI) [55], and 9) Functional Gait Assess-
ment (FGA) [67]. Using the results from the six SOT
conditions, we calculated the participants’ reliance
on the somatosensory input (ratio of SOT condition
2 score to the SOT condition 1 score), visual input
(ratio of SOT condition 4 score to the SOT condition
1 score), and vestibular input (ratio of SOT condition
5 score to the SOT condition 1 score) to maintain
postural stability [6, 44].

The five standing balance exercises were selected
from a recently published conceptual progression
framework [40]. Exercises 1-4 disturbed or removed
one or more sensory inputs by varying visual, stance,
head movement or standing surface conditions. Exer-
cise 5 was a VOR gaze stabilization exercise.

Exercise 1: Feet apart stance on firm surface with
eyes closed

Exercise 2: Romberg stance on firm surface with
eyes closed and pitch head movements

Exercise 3: Romberg stance on foam surface with
eyes open

Exercise 4: Semi-tandem Romberg stance on foam
surface with eyes open

Exercise 5: Feet apart stance on firm surface with
VOR gaze stabilization (maintenance of
gaze on a fixed target with simultaneous
horizontal head movements)

Each participant performed three trials of the five
exercises, and each trial lasted for 30 seconds or
to the point of loss of balance. Trunk sway in the
anterior/posterior and medial/lateral directions was
recorded using an inertial measurement unit. Balance
performance was evaluated by three kinematic met-
rics including the root-mean-square (RMS) of trunk
position (sway), percentage time within a one-degree
zone (PZ), and the area of an elliptical fit to trunk
sway (EA). Lower RMS, lower EA, and higher PZ
indicate better balance performance [11, 42, 56].
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| Assessed for eligibility (n = 16) |

Did not meet inclusion
criteria (n=7)

| Randomized (n=9) |

Allocated to experimental group (n=4) Allocated to control group (n=5)
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Pre-training Assessments (n=9)

———PI Dropped out (n=1) |

Mid-training Assessments (n=8) |

1-week Post-training Assessments (n=8)

| 1-month Post-training Assessments (n=8) |

| 6-month Post-training Assessments (n=8) |

Fig. 1. The study protocol consisted of five assessment sessions (shown in light gray) and two nine-session rehabilitation balance training
blocks (shown in dark gray).

Table 2
Exercise pool adapted from a recently published conceptual progression framework [40]. (* exercises where EG received vibrotactile SA;
tweight shifting limits were pre-determined, the maximum limits were 6 deg., 3 deg., 3.5 deg. and 3.5 deg. in the forward, backward,
rightward, and leftward directions, respectively; the medium limit was half of maximum limit)

Category  Variables

1 Standing on firm surface* Eyes (open/closed), stance (feet apart/Romberg/semi-tandem-Romberg/tandem/single leg),
head movement (none/yaw/pitch)

2 Standing on foam surface* Eyes(open/closed), stance (feet apart/Romberg/semi-tandem-Romberg/tandem), head
movement (none/yaw/pitch)

3 Weight shifting* Eyes (open/closed), standing surface (firm/foam), shifting limit (medium/max)f, shifting
speed (fast/slow), shifting direction (forward— backward/right— left)

4 Modified center of gravity* Eyes(open/closed), stance (feet apart/Romberg/semi-tandem Romberg), weight in hand

(arm raises to 90°) (none/light/heavy), arm raising speed (fast/slow), surface (firm/foam/ramp inclined 10

degrees/ramp declined 10 degrees

5 Gait Eyes (open/closed), type of walking (normal, tandem, backward), head movement
(none/yaw/pitch), walking speed (self-selected, fast slow)

6 Gaze Stabilization VOR* Type of VOR (x1#/x2*), stance (feet apart/Romberg/semi-tandem Romberg/tandem), standing

surface (firm/foam), distance to target (1 m/3 m), background of target (white/complex)

During the 18 balance training sessions with the For the weight shifting category, all participants were
treating physical therapist, participants performed asked to shift their weight to the target tilt value in
exercises from the six categories as shown in Table 2. either the forward or right direction and hold their
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position for five seconds. Then, they were asked to
shift their weight to the target tilt value in either
the backward or left direction and hold their posi-
tion for five seconds. For the VOR exercise category,
participants completed either VOR x1 or VOR x2
gaze stabilization [25, 40]. For VOR x1, participants
were asked to maintain a clear and steady gaze on
a target while moving their head 30 degrees hori-
zontally or vertically at the fastest speed possible.
For VOR x2, they were asked to maintain a clear
and steady gaze on a target while moving their head
and the target in opposite directions (30 degrees
vertically or horizontally). An Airex® Balance Pad
(50cm x 41 cm x 6 cm) was used to alter the standing
surface condition.

During each balance training session, participants
performed one exercise from each of the six cat-
egories. Each exercise was performed six times.
Participants performed each exercise trial for 30 sec-
onds, except for those in the weight shifting category.
The physical therapist manually stopped the exercise
if a participant needed to step out of position to main-
tain balance. For all exercise categories except for
the gait category, vibrotactile SA was provided to
the EG. Vibrotactile SA was provided in four ran-
domly selected trials out of the six trials per exercise
to enhance motor learning [61]. Throughout the study,
both the EG and CG participants wore the vibrotactile
SA device, as detailed in the next section. However,
vibrotactile SA was not provided to the CG during
any of the exercises.

After each exercise, the physical therapist rated
the participants’ balance performance on a scale of
one to five adapted from the Functional Independence
Measure [39]. A rating of 1 was assigned if the partic-

ipant performed the exercise independently with no
body sway; a rating of 2 was assigned if supervision
was needed and the participant demonstrated minimal
body sway; a rating of 3 was assigned if close super-
vision was needed and the participant demonstrated
moderate body sway; a rating of 4 was assigned if
the physical therapist’s assistance was required or if
the participant stepped out to maintain balance at or
beyond 15 seconds within the 30 second trials; a rat-
ing of 5 was assigned if the participant fell, needed
immediate assistance, or stepped out within 15 sec-
onds. The physical therapist determined the set of
exercises in the next training session using a recently
published conceptual progression framework [40],
ratings of the performed exercises, and clinical judg-
ment. The treating physical therapist was blinded to
participants’ pre-training and mid-training balance
assessments.

2.3. Instrumentation

The customized SA device shown in Fig. 2
included an inertial measurement unit (IMU, MTx-
28A53G25 by Xsens Technologies B.V., Enschede,
The Netherlands), four C-2 tactors (EAI Inc), a tactor
controller unit (EAI Inc), a belt, a laptop (Dell Inc),
and customized software written in C++. The IMU
was placed on the back to record the trunk sway, and
the four tactors were placed on the front, back, left,
and right sides of the trunk at the L4/L5 level. The
tactors operated at a frequency of 250 Hz and were
driven by a sinusoidal signal generated with an RMS
current of 0.225 A (peak-to-peak voltage of 4.47 V).

Trunk tilt plus half of the tilt rate was compared
with a pre-set threshold (Table 3) to determine when

Tactor Controller

Fig. 2. The customized sensory augmentation device included an IMU, four C-2 tactors, a tactor controller unit, a belt, a laptop, and

customized software.



328

Table 3

T. Bao et al. / Effects of long-term vestibular rehabilitation therapy

Tactor activation thresholds

Exercise Category Variables Tactor Activation Thresholds
Anterior Posterior Right/Left

1 Standing on firm surface Feet apart; Romberg; Semi-tandem-Romberg 2.00° 1.00° 1.50°
Tandem; Single leg stance 2.00° 2.00° 2.00°

2 Standing on foam surface Feet apart; Romberg 2.00° 1.00° 1.50°
Semi-tandem Romberg 2.50° 1.50° 2.00°
Tandem 2.50° 2.00° 2.00°

3 Weight shifting All conditions 1.00° 1.00° 1.00°

4 Modified center of gravity All conditions 2.00° 4.00° 1.50°

6 Gaze Stabilization VOR All conditions 3.00° 1.00° 2.00°

to provide vibrotactile SA for firm surface stand-
ing, compliant surface standing, modified center of
gravity (center of gravity was modified by means of
arm raises), and VOR exercises [56, 57, 64]. For the
weight shifting exercises, only trunk tilt was used to
determine when to provide vibrotactile SA. The pre-
defined tactor activation thresholds used in this study
were informed by thresholds used in previously pub-
lished studies [4, 52, 56] and study team expertise.
Although the effects of training with narrow ver-
sus wide tactor activation thresholds on performance
are unknown [8], narrow tactor activation thresh-
olds were intentionally selected for use in this study
because they provide more frequent cues. Informal
usability testing of the thresholds was performed by
three vestibular rehabilitation therapy experts on the
study team to qualitatively confirm that the tactors
were activated at appropriate postural deviations from
the desired body positions, thereby providing ade-
quate time for the participants to initiate corrective
responses.

Customized software displayed the trunk motion
and tactor activation information on the laptop screen,
and enabled the treating physical therapist to select
individual exercises for each participant. The partic-
ipants did not see the screen. The SA device used in
this study was considered an investigational device.

2.4. Statistical analysis

The pre-training assessment differences between
the EG and CG were tested using an independent
samples two-tailed student’s f-test. Linear mixed
effect models were used to analyze balance improve-
ments and their persistence after the VRT training.
The fixed factors were: group (EG, CG), assess-
ment session (pre-, mid-, one week post-, one month
post-, and six months post-training), and their inter-
actions. The random effect was the difference among

individual participants. For the kinematic metrics
(RMS, PZ, and EA), three repeated exercise trials
were averaged since there were no significant differ-
ences among the trials. The significance level was
set at 0.05. All statistical analyses were performed in
R (https://www.r-project.org). Due to the relatively
small sample size, the minimal detectable change
(MDC) for some clinical outcome measures was used
to determine whether the observed improvements
achieved clinical significance [69].

3. Results

There were no statistical differences between the
EG (n=4) and CG (n=4) in gender, age, clinical
outcome measures, or standing balance exercise per-
formance during pre-assessment.

The results of the clinical outcome measures are
shown in Fig. 3. There were significant main ses-
sion effects (regardless of group) for SOT, FRT, and
gait speed at the mid-training assessment (p <0.05,
p<0.05, and p<0.01, respectively); for SOT, FRT,
and FGA at the 1-week post-training assessment
(p <0.05); for SOT, gait speed, DGI, FGA and Mini-
BESTest at the 1-month post-training assessment
(p<0.01, p<0.05, p<0.001, p<0.001, and p < 0.05,
respectively); and for SOT, DGI, Mini-BESTest at the
6-month post-training assessment (p <0.01, p <0.05,
and p <0.05, respectively). For the ABC scale, there
was a significant interaction effect during the 1-week
and 6-month post-training assessments (p <0.05);
specifically, the ABC scores for the EG increased and
the ABC scores for the CG decreased. For the SOT,
one participant in both the EG and CG achieved an
MDC of eight points [68] in the follow-up assess-
ments. For the Mini-BESTest, one participant in the
EG achieved an MDC of 3.5 points [23], but no par-
ticipants in the CG achieved an MDC in the follow-up
assessments.
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Fig. 3. Results of clinical outcome measures for eight participants with UVD. Horizontal lines and shaded areas denote the mean pre-training
assessment values and standard errors of the means, respectively. Columns and error bars denote the mean mid-training (Mid), 1-week (1wk),
1-month (1mo), and 6-month (6mo) post-training assessment values and standard error of mean. An asterisk denotes the significant main
session effects, and a hash mark (#) denotes the significant interaction effects between groups and sessions.

Balance performance outcomes for the five stand-
ing balance exercises are shown in Fig. 4. Due to time
constraints, Participant 8 in the CG did not perform
the balance exercises at the 6-month post-training
assessment. For Exercises 1, 3, and 4, there were no
significant main session effects or interaction effects.
For Exercise 2, PZ significantly increased at the mid-
training assessment regardless of group (p <0.05).
At the 1-week and 6-month post-assessments, there

were significant interaction effects for the RMS and
EA metrics (p <0.05); the EG showed improvements
compared to the pre-training assessment while the
CG performed worse compared to the pre-training
assessment. For Exercise 5, there were significant
interaction effects for the RMS and EA metrics at
the 1-week post-training assessments (p <0.05); the
EG showed improvements while the CG performed
worse compared to the pre-training assessment.
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Fig. 4. Results for five standing balance exercises performed by eight participants with UVD. Horizontal lines and shaded areas denote the
mean pre-training assessment values and standard errors of the means, respectively. Columns and error bars denote the mean mid-training
(Mid), 1-week (1wk), 1-month (1mo), and 6-month (6mo) post-training assessment values and standard error of mean, respectively. An
asterisk denotes the significant main session effects, and a hash mark (#) denotes the significant interaction effects between groups and
sessions. Lower RMS, lower EA, and higher PZ indicate better balance performance.

4. Discussion

All participants, regardless of group, demonstrated
improvements in a subset of the clinical or balance
metrics immediately following completion of the
balance training protocol. Improvements in the CG
reinforce the importance of continued balance train-
ing following the completion of standard VRT, and

suggest that adherence to personalized balance train-
ing regimes may further improve outcomes beyond
those achieved through standard VRT. Training with
SA led to significantly greater improvements than
training alone for the ABC scale and two stand-
ing balance exercises (i.e., Exercises 2 and 5) at
the one-week post-training assessment. Furthermore,
pre-/post-training differences for the ABC scale and
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Exercise 2 were significantly larger for the EG com-
pared to the CG at the one-month post-training
assessment.

At the one-week post-training assessment, the
EG’s ABC score improved by 5.3 points and the
CG’s ABC score worsened by 5.5 points. Our find-
ings were similar to a study by Brugnera et al., which
reported that the EG and CG gained balance con-
fidence by approximately 20 points and 11 points,
respectively [14]. However, the extent of the improve-
ments and changes in balance confidence were not
equivalent, which could be due to the diagnoses of
participants and their pre-training performance. In the
study by Brugnera et al., most of the participants were
diagnosed with bilateral vestibular disorders, and the
pre-training ABC scores were lower than the scores
in our study (69 points vs. 74 points for the EG and
59 points vs. 74 points for the CG).

The primary differentiator between the standing
balance exercises where there was a significant group
difference (i.e., Exercises 2 and 5) and the stand-
ing balance exercises where there was no significant
group difference (i.e., Exercises 1, 3 and 4) was
the presence of head movements. This finding sug-
gests that training with SA may be more effective
at improving postural stability during activities that
incorporate dynamic head movements. Given that the
EG exhibited larger increases in vestibular reliance
values, its participants may have been able to main-
tain better balance during the balance exercises that
challenged the vestibular system. In addition, Exer-
cise 5 was a VOR-based exercise; training with SA
may have helped the participants to better lever-
age vestibular inputs to control balance during the
dynamic tasks [53].

Although larger increases were observed for the
SOT, Mini-BESTest, gait speed, DGI, and FGA at
the one-week post-training assessment for the group
that trained with SA compared with the group that
trained without SA, none of the increases were sta-
tistically significant compared to the pre-training
assessment values. These larger non-significant pre-
/post-training differences were also observed for the
Mini-BESTest, DGI and FGA at one-month and
six-month post-training assessments for the EG com-
pared with the CG. Basta et al. found that the average
change in the SOT score after training with vibrotac-
tile SA was approximately 7 points for participants
with UVD [10], which is slightly smaller than the
improvement in our study (9.3 & 3.3 points); training
period duration (10 vs. 18 training sessions) and train-
ing exercises performed (six exercises vs. customized

exercise progression protocol) may have contributed
to the differences between Basta’s results and the
results of our study. SOT and Mini-BESTest were
also shown to improve following training with SA in
a study involving community-dwelling healthy older
adults [7].

For the gait-related measures (i.e., gait speed, DGI,
FGA, and TUG), the lack of significant differences
between the CG and EG may be attributed to the
lack of vibrotactile SA provided during gait exercises
for the EG, i.e., neither group received SA during
gait exercises. The slight difference between the two
groups may have resulted from carry-over effects of
the standing balance training, since standing stabil-
ity and locomotor performance can be highly related
[19].

Inputs from the visual, vestibular, and somatosen-
sory systems are used by the central nervous system to
generate corrective torques to maintain balance [48].
During VRT, the gaze stability and balance exercises
are specifically designed to disturb or remove one or
more of these sensory inputs and promote reweight-
ing of the sensory inputs [6, 25, 40]. One hypothesis
for the observed improvements in balance perfor-
mance following training with SA is that the use of the
additional of channel of information provided by the
SA device may facilitate sensory reweighting [31, 59,
60]. We observed an increase in vestibular reliance
values, as calculated from the SOT protocol, for the
group that trained with versus without SA. Badke
et al. demonstrated a significant improvement ( 0.19
on average) in vestibular reliance among people with
peripheral vestibular dysfunction after the comple-
tion of VRT [6], but in our study, the CG showed
no such improvements. The CG participants in our
study had previously completed standard VRT, and
thus may have reached a functional plateau. On the
other hand, the EG participants in our study increased
their vestibular reliance with the use of SA despite
also having completed standard VRT prior to partic-
ipation in the study, suggesting that training with SA
may facilitate sensory reweighting.

The primary limitation of this study was its small
sample size. Based on the data collected in this
preliminary study, approximately 20 participants or
more, depending on the outcome measure of interest,
would be needed to observe effect sizes (power 0.8)
at the one-week post-training assessment. Second,
vibrotactile SA was not provided to the EG during
gait exercises. To date, of the limited studies that
have investigated the use of vibrotactile SA during
gait exercises [57, 59, 60, 62], most have reported
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reductions in trunk tilt/sway [59, 60], with minimal
corrective benefits to key gait parameters such as gait
velocity, step length, and step width. Furthermore,
validated approaches do not exist for the full range of
rehabilitative gait exercises. Third, spontaneous com-
pensation was not controlled in this study. However,
given the chronicity of the participants, the effects of
spontaneous compensation may be limited. Lastly,
we did not collect the information about the timing,
type, number, or outcome of VRT programs com-
pleted by participants prior to the participation in this
study.

5. Conclusions

Both the EG and CG demonstrated improvements
for a subset of the clinical or balance metrics midway
through and immediately following completion of the
balance training protocol. Participants that performed
VRT with vibrotactile SA had larger improvements
in their ABC scale scores and balance metrics for
exercises involving head movements compared to
participants that performed VRT without SA; these
improvements were maintained up to six months fol-
lowing completion of the training. Vibrotactile SA
may further improve rehabilitation outcomes when
combined with standard VRT, however, a larger study
is warranted.
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