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Abstract

Background: Balance stabilization exercises are often prescribed to facilitate compensation in individuals with
vestibular schwannoma (VS). However, both the assessment and prescription of these exercises are reliant on clini-
cal observations and expert opinion rather than on quantitative evidence. The aim of this study was to quantify head
motion kinematics in individuals with vestibular loss while they performed commonly prescribed balance stability
exercises.

Methods: Using inertial measurement units, head movements of individuals with vestibular schwannoma were
measured before and after surgical deafferentation and compared with age-matched controls.

Results: We found that individuals with vestibular schwannoma experienced more variable head motion compared
to healthy controls both pre- and postoperatively, particularly in absence of visual input, but that there was little dif-
ference between preoperative and postoperative kinematic measurements for our vestibular schwannoma group.
We further found correlations between head motion kinematic measures during balance exercises, performed in the
absence of visual input, and multiple clinical measurements for preoperative VS subjects. Subjects with higher head
motion variability also had worse DVA scores, moved more slowly during the Timed up and Go and gait speed tests,
and had lower scores on the functional gait assessment. In contrast, we did not find strong correlations between clini-
cal measures and postoperative head kinematics for the same VS subjects.

Conclusions: Our data suggest that further development of such metrics based on the quantification of head
motion has merit for the assessment and prescription of balance exercises, as demonstrated by the calculation of a
“kinematic score”for identifying the most informative balance exercise (i.e,, “Standing on foam eyes closed”).
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Introduction modalities, including the vestibular as well as the visual

Postural stability, or balance, refers to our ability to keep
our center of mass within the limits of our base of sup-
port. During everyday activity, the maintenance of bal-
ance relies on sensory information from numerous
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and somatosensory systems. When peripheral vestibular
input to the brain is reduced due to disease, injury, or the
aging process, we experience impaired balance in addi-
tion to vertigo, gaze instability and significantly increased
likelihood of falls and death. For example, in the US
population, the prevalence of vestibular dysfunction has
been estimated at~35% for adults aged 40 years and
older [1] based on balance testing. Due to its high occur-
rence rate, its impact on quality of life, and the resulting
costs associated with individual needs and diminished
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autonomy—exceeding $20 billion annually [1]—vestibu-
lar dysfunction is a major societal burden [2].

The balance dysfunction observed in individuals with
vestibular hypofunction is largely a consequence of the
decreased efficacy of their vestibulo-spinal reflex (VSR)
pathways. Specifically, in everyday life, head motion
information is sensed by the vestibular sensory organs
located in the temporal bone. These sensory organs
include the three orthogonally oriented semicircular
canals and the two otolith organs (the utricle and saccule)
(reviewed in Ref. [3]). Head motion information is then
carried to the brain by vestibular nerve afferents of the
VIII cranial nerve. More specifically, vestibular afferents
transmit information about our current head motion to
the central neurons in the vestibular nuclei that medi-
ate the vestibulo-spinal-reflex pathways [4]. Consistent
with relatively direct circuitry projections to the spinal
cord, vestibulo-spinal-reflexes generate rapid compen-
satory balance responses to unexpected head motion.
Indeed, vestibular stimulation can evoke compensatory
head movements with latencies of 30—40 ms consistent
with the known circuitry of vestibulo-spinal pathways
[5]. In contrast, visually driven compensations have sub-
stantially longer latencies and thus cannot provide such
dynamic compensation (reviewed in Refs [6, 7]). Accord-
ingly, individuals with bilaterally absent vestibular func-
tion demonstrate impaired balance [8-10].

Due to the marked balance impairment observed in
individuals with unilateral or bilateral vestibular loss,
current clinical practice guidelines (CPG) recommend
balance exercises, under a variety of challenging condi-
tions, as a critical component of rehabilitation efforts
[11-15]. Typically, these exercises require subjects to
maintain balance under conditions of altered vision (e.g.,
vision distracted or removed) and/or somatosensory
input (e.g., foam or moving surfaces). These exercises
often also require changes in the base of support (e.g.,
Romberg, tandem, single-leg stance) to increase the level
of challenge to the subject [11]. However, the recommen-
dation and assessment of balance stabilization rehabilita-
tion exercises are not based on objective criteria. Instead,
they follow the subjective assessment of the prescribing
clinician [11]. Specifically, to date, no study has objec-
tively quantified head motion kinematics while subjects
perform balance stability rehabilitation exercises.

Accordingly, this study was designed to explore the
kinematics of the balance stability exercises that are an
essential component of vestibular physical therapy in an
attempt to isolate critical patterns that will inform treat-
ment. Head motion kinematics were quantified using
inertial measurement units (IMUs) in individuals with
vestibular schwannoma (VS) during a single session of
vestibular rehabilitation balance stability exercises before
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and 6 weeks after surgical deafferentation. Compari-
sons were made between the head motion kinematics of
preoperative and postoperative VS subjects versus age-
matched healthy control subjects. Comparisons were also
made between the head movement kinematics of preop-
erative versus postoperative VS subjects. Additionally,
we correlated these kinematic data with standard clinical
outcome measures [16—19] to determine whether post-
operative head kinematics during balance exercises cor-
relate with preoperative clinical measures. Finally, we
addressed whether it was possible to compute a robust
“kinematic score” based on head kinematic data obtained
from a subset of exercises.

Methods

Subjects

We recruited 18 subjects with unilateral vestibular
schwannoma that were scheduled for surgical resec-
tion. Of these, 9 VS subjects completed all phases of the
study (n=9 males, mean 56.1+15.7 years old, range
24-73 years old), where each VS subject was measured
before and 6 weeks after the onset of surgery. The surgical
approach for all VS subjects was suboccipital craniotomy
and their tumor dimensions per radiology reports ranged
from 0.8 to 4.3 (mean 1.94+1.1 cm?). We also recruited
n=9 age-matched healthy participants (8 males and 1
female, mean 49.3+15.0 years old, range 24-72 years
old) with no history of otologic or neurologic disease. We
collected both traditional clinical measures (Additional
file 1: Table S1) and kinematics measures at the same time
points. Specifically, preoperative measures were collected
in an outpatient setting before (mean==8413 days) the
vestibular schwannoma tumor resection surgery. The
postoperative measures were collected at approximately
6 weeks (36—42 days) after the surgery in the same setting
as preoperative measures. This study was approved by
the Johns Hopkins University Institutional Review Board,
and written informed consent was obtained from each
participant prior to data collection.

Clinical measures

Dynamic Visual Acuity (DVA)

The DVA test measures the functional outcome of the
subjects’ vestibulo-ocular reflex (VOR) during active
head rotation. DVA was measured using a portable lap-
top and a motion sensor as developed [20] and validated
by Rine et al. [21]. The portable DVA was then normal-
ized in 3992 individuals [22]. We implemented a modi-
fied protocol per Millar et al. [23]. Specifically, a Samsung
Galaxy Pro tablet (Seoul, South Korea) was used to pre-
sent the visual stimuli and record the subjects’ static and
dynamic acuity scores. Static visual acuity was measured
first while the subject sat 200 cm from the tablet with
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their head still. Participants were required to distinguish
one letter at a time presented on the tablet. The letter
was randomly selected from ten optotypes (capital let-
ters CD HK N O S RV Z). Visual acuity during active
sinusoidal head rotations was then measured and scored
separately for ipsi and contra-lesional head rotation. Each
subject wore a single inertial measurement unit (IMU)
(XSENS Technologies, Enschede, Netherlands) attached
to a headband. This software generates the visual stim-
ulus once the IMU has detected a head rotation with a
velocity greater than 120°/s. The scores were tabulated in
the logarithm of the minimal angle resolution (LogMAR).
Possible LogMAR scores ranged from — 0.3 to 1.7 (Snel-
len equivalent of 20/10 to 20/800). Corrected DVA scores
were then calculated by subtracting the LogMAR score of
static visual acuity from the LogM AR score of ipsilesional
and contralesional DVA, respectively.

Timed Up and Go (TUG)

The TUG task measured each subject’s ability to stand
from sitting, walk 3 m and turn 180 degrees before
return to seated position. Task performance was scored
by measuring the time between when the subject’s back
exited the chair to when they were seated in the chair
again. Each subject completed two TUG trials, turning
ipsilesionally, and contralesionally respectively when they
passed the obstacle. Scores on the TUG >11.1 s correlate
with reports of falls in persons with vestibular dysfunc-
tion [24].

Gait speed

The Ten Meter Walk Test (10MWT) measured the sub-
ject’s self-selected comfortable walking speed over a 10 m
distance. The subjects started and stopped at least 2 m
beyond the 10 m range to ensure the measured gait speed
did not include the acceleration or deceleration phases of
the locomotion. Their average gait speed was computed
over the 10 m distance.

Functional gait assessment (FGA)

The FGA comprises 10 unique walking exercises: (1) Gait
on a level surface, (2) Change in gait speed, (3) Gait with
horizontal head turns, (4) Gait with vertical head turns,
(5) Gait and pivot turn, (6) Step over obstacle, (7) Gait
with narrow base of support, (8) Gait with eyes closed,
(9) Ambulating backwards, and (10) Steps. An experi-
enced clinician scored each task between 0 and 3 points,
with 0 indicating severe impairment and 3 indicating
normal performance. FGA scores less than 22 (30 total)
are predictive of falls in older adults [25].

(2022) 19:120

Page 3 of 16

Physiological measures

Video Head Impulse Test (vHIT)

The vHIT (ICS Otometrics, Natus Medical Incorpo-
rated, Denmark) measures VOR gain (eye velocity/
head velocity) during passive head rotation. Subjects
were seated 1 m from a stationary visual target, in room
light. At least 12 passive head rotations were performed
in both directions of three planes parallel to the three
pairs of semicircular canals: horizontal, right anterior/
left posterior (RALP), and left anterior/right poste-
rior (LARP). Right eye and head velocity were sampled
at 220 Hz. vHIT traces were deleted if the eye veloc-
ity trace preceded head velocity, if the head velocity
was below 100°/s, or if the passive head rotation trace
did not match the acceleration profile suggested by the
manufacturer. VOR gain values within 0.8-1.2 with
standard deviation<0.12 were considered normal [23,
26, 27].

Subjective measures

Dizziness Handicap Inventory (DHI)

The DHI is a subjective measure, based on a self-report
questionnaire, that scores the impact of dizziness or
unsteadiness on quality of life. The scale consists of 25
items in functional, emotional, and physical domains,
with a total score of 0—100. A higher score corresponds
with a worse self-perceived level of disability.

Activities-Specific Balance Confidence scale (ABC)

The ABC scale is a self-report measure of balance con-
fidence [28]. The subjective measure consists of 16 self-
report items in which subjects rate their confidence
of not losing balance while performing various daily
activities from 0 (no confidence) to 100 (complete con-
fidence). Previous studies suggested that the ABC score
is an accurate indicator of fall risk among individuals
with vestibular disorders [29].

Headache impact test

The headache impact test measures the impact head-
aches have on a subject’s ability to function in daily
life [30]. The scale consists of 6 items in which subjects
report how often (e.g., never, rarely, sometimes, very
often, or always) headache affects their daily activities.
A higher score corresponds with a worse self-perceived
level of disability.

Beck Anxiety Inventory (BAl)

The BAI is a self-report measure of anxiety with 21
items in which subjects rate their anxiety from: not at
all (0), mildly (1), moderately (2), and severely (4) [31].
The total score is the sum of the 21 items, with a score
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of 0-21 indicating low anxiety, 22—-35 indicating mod-
erate anxiety, and scores above 36 indicating a poten-
tially concerning level of anxiety. In the current study,
the subjects were instructed to rate their anxiety that is
only related to the symptoms caused by the vestibular
schwannoma and its resection.

Kinematic measurements

Subjects were instructed to complete the FGA and 9 bal-
ance exercises while their motion was recorded using 6
small (51 mm x 34 mm x 14 mm) motion sensors (Shim-
mer3 IMU, Shimmer Research, Dublin, Ireland) that were
securely and comfortably attached to the subject’s head
and body using elastic bands. For each sensor, transla-
tional acceleration along the fore-aft, lateral, and vertical
axes and angular velocity along the roll, pitch, and yaw
planes were recorded. The 6-dimensional data were sam-
pled at 500 Hz and recorded on a built-in microSD card.

To quantify head movements during balance exercises,
we computed the following kinematic measures: (i) time
duration: the time within 30 s test during which sub-
ject could maintain their balance. (ii) Total acceleration
standard deviation: the standard deviation of linear accel-
eration averaged over all three axes (e.g., fore-aft, lateral,
and vertical). (iii) Range of motion: the maximum devia-
tion of the motion from the stationary state, computed
for all 6 axes of rotation and translation. (iv) Standard
deviation: the general deviation from the stationary state
during the time that subjects maintained their balance,
computed for all 6 axes of rotation and translation.

In addition, we calculated a single kinematic score
based on the average weighted linear combination of all
kinematic measure as previously described [16]. First,
we normalized each of the computed kinematic meas-
ures by a linear transformation of mean=2SD to obtain
a number between 0 and 100 (i.e., normalized mean =50
and normalized SD=25). Numbers outside the 0-100
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range were then projected to the closest number within
this range (i.e., either 0 or 100). The average of three nor-
malized numbers across all selected balance stabilization
exercises was then used as the kinematic score.

Balance exercises

Balance exercises are listed in Table 1. The 9 balance
exercises as well as one of the FGA tasks, item 7—Gait
with narrow base of support—were examined. These 10
exercises vary in proprioceptive conditions (firm, unsta-
ble surfaces, or tandem) and visual conditions (eyes open
or eyes closed).

For the standing-on-firm-eyes-closed exercise, sub-
jects were required to stand on the ground with their
feet together and eyes closed. For the standing-on-foam-
eyes-open exercise, subjects were required to stand on a
rectangular foam (40 x 32 x 6 cm, 0.8 kg, closed-cell PVC
foam, latex free, AIREX®) with their feet together and
eyes open. Standing-on-foam-eyes-closed and standing-
on-foam-eyes-open exercises were identical except that
subjects were required to close their eyes during the
former. For the tandem-stance-eyes-open exercise, sub-
jects were required to stand with one foot in front of the
other, with the heel of the forward foot touching the toes
of backward foot. The tandem-stance-eyes-closed and
tandem-stance-eyes-open exercises were identical except
that subjects were required to close their eyes during the
former. For the foam-cups-balance-1-foot exercise, sub-
jects were required to stand with one foot on the ground
and one foot on a foam cup, without crushing the cup.
For the foam-cup-alternatively-foot exercise, subjects
were required to alternatively tap each foot on the foam
cup. For the tandem walk forward/backward exercise,
subjects were required to walk forward/backward with
arms folded across chest, with the heel of the foot at the
front touching the toes of the foot at the back.

Table 1 A list of the 10 balance exercises used in the current study. The exercises vary in proprioceptive conditions and visual

conditions
Task name Proprioceptive condition Visual condition

1 Tandem walk forward (FGA) Tandem Eyes open
2 Tandem walk forward Tandem Eyes open
3 Tandem walk backward Tandem Eyes open
4 Tandem stance eyes open Tandem Eyes open
5 Tandem stance eyes closed Tandem Eyes closed
6 Standing on firm eyes closed Firm Eyes closed
7 Standing on foam eyes closed Unstable surfaces Eyes closed
8 Standing on foam eyes open Unstable surfaces Eyes open
9 Foam cup balance 1 foot Unstable surfaces Eyes open
10 Foam cup alternatively foot Unstable surfaces Eyes open
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During these balance exercises, subjects were posi-
tioned with their arms crossed. If a subject moved their
arm or feet during the test (detected by the wrist or
ankle sensor) to catch themselves, the change in wrist
or ankle sensor signal identified during the segmenta-
tion process, was an indicator of a “near fall” or “loss
of balance” No subject ever fell to the ground. Subjects
were given the opportunity to recover their balance and
complete the entire 30 s task, to allow us to capture as
much data as possible, rather than discontinuing the
test if they took a mis-step or touched the wall after the
first few seconds of the test. Gait with narrow base of
support (item 7 of functional gait assessment (FGA)) is
the same as tandem walk forward except that it requires
subjects to walk 10 steps without a time limit.

Statistics

We performed non-parametric paired sample permu-
tation (re-randomization) tests for all the kinematic
measures from the VS subjects (pre- and postopera-
tive) and age-matched healthy controls. Specifically,
p-values were computed by (i) pooling data from both
groups and then randomly rearranging this pooled data
2000 times, (ii) computing the sample mean for the first
N data points of each rearrangement, where N is the
number of subjects in first group, (iii) computing the
sample mean for the remaining data points (i.e., same
size as second group), (iv) computing the difference
between the two sample means in (ii) and (iii) above,
and (v) finally testing whether the actual difference
between the sample means of each group were signifi-
cantly different.

We also computed the correlation coefficients and
p-values of the correlations between kinematic and
clinical measures using Pearson correlation. To examine
whether trends were consistent across several exercises
we examined (i) whether correlations are significant
(p<0.05) for the majority of exercises, and (ii) whether,
for all significant correlations the relationship had the
same sign (i.e., correlation were consistently positive/
negative across exercises). Throughout the text, values
are expressed as mean=+ 1 SD and significance is reported
at p<0.05. Correction for multiple comparisons was
not performed since the goal of this exploratory study
was to investigate individuals with unilateral vestibular
loss already known to be different from healthy controls
based on clinical assessment and performing correction
would have exaggerated Type II errors. All data process-
ing and statistical tests were performed using MATLAB
(The MathWorks, Inc., Natick, Massachusetts, United
States).
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Results

Kinematic measurements are altered in VS subjects both
pre- and postoperatively compared to healthy controls,
particularly in the absence of visual input. No significant
improvement at 6 weeks postoperatively.

We quantified head kinematic data recorded during 10
balance exercises (Table 1) in healthy controls and the
same VS subjects across two time points (i.e., preopera-
tive and postoperative). Figure 1 exemplifies head motion
from a typical healthy control subject (Fig. 1A), and a
typical VS subject pre- and postoperatively (Fig. 1B, C
respectively) during one of the more challenging exer-
cises: standing on foam with eyes-closed (Table 1, exer-
cise 7). Comparison across subjects during this example
exercise shows that VS subjects (both pre- and postoper-
atively) displayed a greater range of head motion in all six
linear and rotational axes compared to the healthy con-
trol subjects (Fig. 1; the gold and purple 3D scatter plots
provide a 3D representation of head linear and rotational
head motion, respectively), which was indicative of their
unstable head motion during this exercise.

Figure 2 illustrates the differences in the measures
obtained from our quantification of head motion kin-
ematics (see Methods) during each of the 10 balance
exercises, for our populations of control versus VS sub-
jects. The 10 balance exercises were grouped into three
categories: (1) ‘tandem stance and tandem walking exer-
cises’ during which the toes of the backward foot touch
the heel of the forward foot (purple shaded block), (2)
‘eyes-closed exercises’ during which subjects did not have
visual input (yellow shaded block), and (3) ‘exercises that
required standing on an unstable surface’ (green shaded
block).

Overall, we found that before surgery, measures of
movement variability, namely the standard deviation of
motion in each of the six dimensions (3 angular veloc-
ity and 3 linear acceleration), were the most informative
in identifying impairments in the balance performance
of VS subjects relative to controls (Fig. 2A). Specifically,
VS subjects displayed larger head motion variability in
all rotational and linear axes across numerous exercises,
with consistent increases in two out of three eyes-closed
exercises (i.e., “Tandem stance eyes closed” and “Stand-
ing on foam eyes closed”). Figure 2B correspondingly
compares the head kinematic measures of postopera-
tive VS versus healthy control subjects using the same
approach. Similar to the results of their preoperative
testing, VS subjects again displayed larger head motion
variability, particularly during the eyes-closed exercises.
Additionally, following surgery, VS subjects displayed
larger head motion variability during the “standing on
firm eyes-closed” exercise, suggesting that the absence of
visual input becomes more challenging after the surgery.
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Fig. 1 Example data from (A) one healthy control and B preoperative and C postoperative testing from one VS subject in the
“Standing-on-foam-eyes-closed” balance stabilization exercise, during which subjects were required to stand on a rectangular foam

(15.5 x 12.5 x 2.4 inches) with their feet together and their eyes closed. The gold 3D scatter plots and time series show the head linear acceleration
in 3 axes of translation (fore-aft, lateral, and vertical). The purple 3D scatter plots and time series show the head angular velocity in 3 axes of rotation
(roll, pitch, and yaw)

(See figure on next page.)

Fig. 2 Comparison of kinematic measurements of head motion during balance exercises between A preoperative VS subjects and healthy controls,
B postoperative VS subjects and healthy controls, C preoperative and postoperative VS subjects. The kinematic measurements are arranged
horizontally. The 10 exercises are arranged vertically and categorized into 3 groups: (i) tandem (purple), (ii) eyes-closed (yellow), and (iii) unstable
surface (green). Asterisks indicate significance differences between two groups (*:<0.05, ** <0.01, and ***:<0.001)

Interestingly, however, as shown in Fig. 2C, a direct com- In summary, (i) kinematic measures in VS subjects
parison of head movement kinematics before and after ~ were altered relative to controls, even before the surgery,
surgery revealed little change in the behavior of VS sub-  due to the impact of their tumor, and (ii) these differences
jects at 6 weeks post-surgery. were maintained over at least a 6-week duration from the
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Fig. 2 (Seelegend on previous page.)
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Table 2 Standard deviations of head motion in each of the 6 axes for Healthy controls as well as Preoperative and Postoperative VS
subjects (Mean £ SD)

Linear acceleration (mG) Angular velocity (deg/s)

Fore-aft Lateral Vertical Roll Pitch Yaw
Tasks Healthy control
Tandem walk forward 95440 69429 63421 70£25 1064 6.7+£19
(FGA)
Tandem walk forward 106 487 68+ 38 72444 69433 90456 64+24
Tandem walk backward 83 +22 77142 62+24 74436 82+£17 69+£23
Tandem stance eyes 3012 22+69 18+9.7 1.5+09 23+14 1.8+£06
open
Tandem stance eyes 28499 33£16 21£86 22+1.1 23+£10 30£15
closed
Standing on firm eyes 23+6.5 18+£39 144£55 09402 14+06 1.2+02
closed
Standing on foam eyes 27 +59 23+40 18+4.1 1.5+04 19405 20406
closed
Standing on foam eyes 28+ 14 20+34 15+£6.7 1.0+03 1.7£10 1.7+£08
open
Foam cup balance 1 139472 52429 54445 36+£1.9 88+45 49420
foot
Foam cup alternatively 90438 100146 59422 76+£32 8.7+£32 78+£3.1
foot

Preoperative
Tandem walk forward 104 +57 106148 68 £ 34 96+44 9.7+£56 82+42
(FGA)
Tandem walk forward 91443 93+46 74£41 8.7£4.1 88+39 77+£37
Tandem walk backward 101 52 107 £54 62431 10£49 94451 82+39
Tandem stance eyes 50424 40428 22412 35+£23 39420 38+19
open
Tandem stance eyes  63+29 94£56 41420 84+47 72%438 76%34
closed
Standing on firm eyes 41+23 27+23 15+96 21420 28424 21416
closed
Standing on foam eyes 55+ 34 42421 34+£27 38+1.7 44424 37+£14
closed
Standing on foam eyes 32 +12 25+15 15+66 22413 24411 21408
open
Foam cup balance 1 93473 86453 46428 70+42 70+36 6.1£26
foot
Foam cup alternatively 74429 111428 53£11 9.6+£27 77+£23 85+27
foot

Postoperative
Tandem walk forward 81448 95+63 66 £ 44 8.7£6.1 6.8+42 6.5£43
(FGA)
Tandem walk forward 94 464 84+£53 67 £45 7649 73£50 6.5+40
Tandem walk backward86 51 89+59 65+£44 82+£53 71+£43 6.8+43
Tandem stance eyes 67 +54 40+£24 23+12 35423 30+18 35417
open
Tandem stance eyes 73444 66+ 39 46+£29 59424 64+28 63+25
closed
Standing on firm eyes 39+15 26+94 1676 1.8+0.7 26+13 22+07
closed
Standing on foam eyes 65 +42 56+23 38+22 48+28 6.2+33 6.0+33
closed
Standing on foam eyes 59+ 50 23492 25423 19408 31422 26+14

open
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Table 2 (continued)

Linear acceleration (mG) Angular velocity (deg/s)
Foam cup balance 1 92455 74442 4822 6.2+38 6.7+33 58423
foot
Foam cup alternatively 65414 112+£39 56+13 84429 63+09 84+19

foot

surgical deafferentation. Table 2 and Additional file 1:
Table S2 report the means and standard deviations for
the kinematic measures described above, for which there
were generally significant differences between groups
(Fig. 2); specifically, the standard deviation of head
motion in all six axes.

Preoperative head motion during eyes-closed exercises
correlates with multiple clinical measurements
We next asked whether there was any relationship
between preoperative head kinematic measures during
balance tasks and clinical measures. Figure 3A illustrates
the significant correlations establishing that preoperative
VS subjects, who displayed higher variability in angular
head velocity (top panels) and linear head acceleration
(bottom panels), also have worse ipsilateral DVA scores
(r=0.95, 0.88, and 0.95 for correlations with the standard
deviation in lateral, roll, and yaw axes of the head, respec-
tively). Likewise, their FGA scores were lower (r=—0.84,
—0.75, —0.75, —0.78, — 0.85, and — 0.75 for correlations
with the standard deviation in fore-aft, lateral, vertical,
roll, pitch, and yaw axes, respectively). Additional file 1:
Tables S3—-12 show the correlation coefficients for all pre-
operative clinical vs. kinematic measures across each of
the 10 balance exercises, with the significant correlations
highlighted. Note that red versus green highlights indi-
cate negative versus positive correlations, respectively.
Figure 3B summarizes the relationships between all
preoperative kinematic (vertical axis) vs. functional clini-
cal (horizontal axis) measures, for each of the three eyes
closed balance exercises. As can be seen, correlations
between preoperative head kinematic measures and
clinical measures were significant in two out of three eye-
closed exercises (i.e., “Standing on firm eyes closed” and
“Standing on foam eyes closed’, Fig. 3B, left and middle).
Notably, no consistent correlations were found during
the “Tandem stance eyes closed” exercise (Fig. 3B, right).
Specifically, measures of variability in all 6 axes of motion

were positively correlated with DVA and TUG measures
(Fig. 3B, green rectangles), and negatively correlated with
Gait speed and FGA measures (Fig. 3B, red rectangles).
Figure 3C illustrates a combined summary of the rela-
tionships between all preoperative kinematic (vertical
axis) vs. all clinical measures (i.e., functional, physiologi-
cal, and subjective measures), during eyes closed balance
exercises. Significant relationships were also generally
found between preoperative head kinematic measures
and clinical physiological measures. For example, head
movement kinematic measures displayed significant cor-
relations with the vestibulo-ocular reflex (VOR) gains in
ipsilateral yaw and anterior planes (Fig. 3C, dashed rec-
tangle), with more head motion variability positively cor-
related with more variable VOR gains in yaw and anterior
planes. We similarly assessed whether there were any
significant relationships between kinematic and clinical
measurements during the other type of balance exercises
(i.e., tandem and unstable surface), however did not find
any consistent correlations (Additional file 1: Fig. S3).

Preoperative and postoperative clinical measures cannot
predict postoperative kinematic measures

Next, we asked whether there was a relationship between
the preoperative and/or postoperative clinical measures
of VS subjects and postoperative head kinematics. First,
we assessed whether the relationships between kinematic
and clinical measures observed in our VS subjects before
surgery (Fig. 3) were also observed postoperatively. Fig-
ure 4A illustrates the significance of the correlations
between postoperative measurements across exercises.
Interestingly, unlike what was observed above for the
preoperative state, we did not find consistent significant
correlation in any group of exercises. Additional file 1:
Tables S13-22 show the correlation coefficients for all
postoperative clinical vs. kinematic measures across each
of the 10 balance exercises, with the significant correla-
tions highlighted. Second, we asked whether we could

(See figure on next page.)

Fig. 3 Correlations between preoperative kinematic measurements and pre-surgery clinical measurements. A Example of the correlation between
standard deviation of the head motion in all 6 axes and functional clinical measures. Left: positive correlation with DVA (ipsi). Right: negative
correlation with FGA score. B Correlation map between kinematic measures (vertical axis) and functional clinical measures (horizontal axis) for three
eyes-closed balance exercises, separately. Green squares indicate positive correlations and red squares indicate negative correlations. C Correlation
map between kinematic and clinical measures for all three eyes-closed exercises. Brightness and number in the square indicate the number of

exercises (1-3) showing a significant correlation (p <0.05)
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leverage our quantification of clinical and physiologi-
cal measures, in the preoperative state to predict the
head kinematics of VS subjects, during the balance exer-
cises after the surgery. This analysis is shown in Fig. 4B,
which again reports the number of significant correla-
tions across exercises. Comparison between preoperative
clinical and physiological measurements and postopera-
tive kinematic measures, however, revealed no consist-
ent relationship. Thus, neither clinical nor physiological
measures in the preoperative state predicted the head
kinematic measures of VS subjects during the balance
exercises after surgery. Additional file 1: Tables S23-32
show the correlation coefficients for all preoperative clin-
ical vs. postoperative kinematic measures across each of

the 10 balance exercises, with the significant correlations
highlighted.

Quantifying the global change in head kinematics in VS
subjects before and after vestibular neurectomy based

on the most informative kinematic parameters

Finally, we determined whether it was feasible to col-
lapse the wide range of kinematic measures we made
across exercises into a global kinematic score. To this
end, we computed a single score (see Methods) based on
the standard deviation of head motion in all 6 axes (i.e.,
consistently displaying significant differences relative to
healthy controls) (Fig. 2). We compared this score when
it was computed for (i) the most informative balance
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exercise (i.e., that exercise for which we found the most
significant differences between VS subjects and healthy
controls, “Standing on foam eyes closed”; Fig. 5A), (ii) the
2 most informative exercises (i.e., “Standing on foam eyes
closed” and “Tandem stance eyes closed”; Fig. 5B), and
(iii) these 2 exercises combined with a third exercise that
showed the consistent significant differences between
postoperative and healthy controls (i.e., “Standing on
foam eyes closed’; “Tandem stance eyes closed’; and
“Standing on firm eyes closed”; Fig. 5C). The computed
kinematic score (see Methods) spanning a range from 0
(most altered) to 100 (comparable to healthy controls).
As can be seen, the kinematic score computed for each
of the above 3 cases was similar, with healthy controls

scoring closest to 100%, followed by preoperative VS
subjects, and then postoperative VS subjects. Notably,
controls were significantly different than both preopera-
tive (p<0.001) and postoperative VS subjects (p <0.001)
regardless of the computation. Furthermore, we observed
considerable inter-subject variability in the kinematic-
based scores computed across our population of preoper-
ative and postoperative VS subjects (Fig. 5; green shaded
region), with some individual scores comparable to those
of healthy controls (>50) but also lower individual scores
(<50). Overall, our analysis suggests the utility of com-
puting an individual’s “kinematic score” based on head
kinematic data obtained from a subset of exercises. Also,
these results highlight the potential utility of focusing on
a single stabilization exercise (e.g., “Standing on foam
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eyes closed”) in the assessment of head kinematics to
develop an informative “kinematic score” for the objec-
tive quantification of balance impairments. Further algo-
rithm development and testing utilizing a larger dataset
will be required to test this possibility.

Discussion

In this study, we investigated whether head motion
kinematics are altered because of peripheral vestibu-
lar loss during balance exercises. To do this, we quan-
tified head motion kinematics in VS subjects before
and 6 weeks after unilateral vestibular nerve deaffer-
entation, using an accessible and inexpensive method
compared to more expensive posturography. Our anal-
ysis of head motion revealed several interesting find-
ings that have potential clinical implications. First, VS
subjects showed altered kinematics relative to age-
matched control subjects before the surgery. Inter-
estingly, VS subjects experienced more head motion
variability relative to healthy controls both before and
after surgery, particularly during exercises that were
performed in the absence of visual input. Second, the
increased variability observed before surgery remained
postoperatively for the same exercises. Third, in pre-
operative VS subjects, changes in head kinematics
were predictive of multiple clinical test scores (e.g.,
TUG, DVA, FGA). Finally, we establish that a “kin-
ematic score” based on head kinematic data obtained
during the single most informative balance exercises
(i.e., “standing on foam eyes closed”) alone can provide
valuable information for evaluating VS subjects. Taken
together our findings demonstrate the robustness of
the general approach. We suggest that the further
development of such metrics during a subset of the
standard balance exercises recommended by clinical
practice guidelines (CPG) is interesting direction for
assessment and prescription—that can ultimately be
used to provide real time feedback via kinematic data
to both the clinician and patient during the rehabilita-
tion process.

IMU measures of postural stability and implications

for vestibular rehabilitation

Posturography requiring a force plate to evaluate the
body’s postural stability has long been the gold stand-
ard for the assessment of balance (see, for example, the
Equitest developed by Neurocom Inc) [32]. Using this
method, a clinician can effectively measure the trajectory
(postural sway) of the subject’s center of pressure (COP)
over time. More recently, developments in inertial meas-
urement units (IMUs) that sense 6-dimensional motion
have facilitated the ability to assess balance in subjects
[33, 34]. IMUs provide a less expensive option that is also
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lightweight and portable making it more practical to use
in clinical settings as well as other environments. As a
result, over the past several years numerous studies have
taken advantage of an IMU-based approach to assessing
postural stability in healthy as well as patient subjects
(e.g., Refs. [35—47]). The application of computational
methods to IMU-based data sets has demonstrated that
this method can provide a clinician with a comparable
ability to differentiate between individuals with vestibular
loss and healthy controls as force platform posturography
[48]. Furthermore, machine learning algorithms, which
extract important features from IMU data, can be trained
to produce estimates of balance performance that are as
accurate as those of expert examiners (i.e., trained physi-
cal therapists) [49, 50].

However, while there is increasing evidence to support
the use of IMUs to evaluate balance, their use in vestibu-
lar rehabilitation in VS or other subject groups is neither
common nor generally accepted as a standard of care.
This is in part related to an absence of norms for such
testing. A recent study quantified the perceived intensity
of standing balance exercises in healthy subjects by meas-
uring postural sway with body-mounted IMUs [51]. Yet,
prior to our study, there had been no systematic quanti-
fication of six-dimensional head movement kinematics
during standard balance exercises recommended by the
CPG or understanding of whether a particular subset
of these exercises/measures were the most informative
regarding the objective quantification of balance impair-
ments, and thus potentially most beneficial to these indi-
viduals. The current CPG recommends balance exercises,
under a variety of challenging conditions, as a critical
component of rehabilitation efforts [11-14]. Typically,
these exercises require subjects to balance under condi-
tions of altered visual (e.g., vision distracted or removed)
and/or somatosensory input (e.g., foam or moving sur-
faces). They often can require changes in the base of
support (e.g., Romberg, tandem, single-leg stance) to
increase the level of challenge to the subject [11].

In this context, the present study extends the existing
literature. Most notably our findings provide the first
normative data set of 6-dimensional head motion kin-
ematics during balance exercises in VS subjects before
and after surgery as well as age-matched controls. Quan-
tification of our data set specifically revealed that head
movement kinematics can be predictive of clinical meas-
ures, notably DVA, TUG, functional gait assessment,
and gait speed scores (see Fig. 3). Our results further
demonstrate that it is not only feasible (i) to collapse
the wide range of measures we made into a global kin-
ematic score that may be useful to clinicians interested to
know how their interventions may alter balance behavior
before and after tumor resection but also (ii) focus on a
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single balance stabilization exercise (e.g., “Standing on
foam eyes closed”). We speculate that this will be a con-
structive area for the investigation of further algorithm
development and testing. Finally, we emphasize that our
kinematic based approach is complementary to tradi-
tional clinical assessments that are commonly used to
identify individuals with unilateral vestibular loss relative
to healthy controls. Further work will be needed to fully
understand whether and how additional variables such as
tumor size and grade influence kinematic balance meas-
ures in VS subjects [52]. Interestingly, Parietti-Winkler
et al. recently reported that tumor size was not predictive
of short-term postural recovery measured via posturog-
raphy [53], suggesting that this might also be the case for
kinematic balance measures.

Comparison of changes in head movement kinematics
during balance versus gaze stability exercises in vestibular
schwannoma subjects
In a recent study, we carried out a parallel analysis in
which we quantified head motion kinematics of the
same VS subjects as this study during ‘gaze stabilization’
exercises that are also recommended by the CPG [11-
16]. A comparison between our present results and this
prior study reveals some interesting common trends.
First, VS subjects displayed significantly altered head
movement kinematics during both balance exercises—
performed with the eyes closed—and gaze exercises.
In particular, VS subjects’ head movement kinematics
were different from those of age-matched control sub-
jects both before and 6 weeks following unilateral ves-
tibular nerve deafferentation. Second, a comparison
of VS subjects’ head movement kinematics before and
after vestibular nerve deafferentation revealed analo-
gous results for both balance (present study) and gaze
stabilization exercise [16]. Specifically, while VS sub-
jects’ head movements were altered to those of control
subjects, they remained unchanged when compared
before versus after surgery. Finally, comparison of clini-
cal measures and head movement kinematics revealed
that most functional (e.g., DVA, TUG time, and gait
speed), and some specific physiological (i.e., variability
of VOR gain for horizontal and anterior planes) clinical
measures correlated with VS subjects’ head movement
kinematics—at a given time point (i.e., both measures
were made either prior to or following surgery).
However, there are also some significant differences
between the results of these two studies. Wang et al.
found that head movement kinematics during gaze stabi-
lization exercises following surgery were not only a good
predictor of clinical outcomes, but also that preopera-
tive clinical measures could actually predict postopera-
tive head kinematics [16]. This exciting result led to the
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proposal that the VS subjects’ vestibular impairment
before the surgery was predictive of their head movement
kinematics after the vestibular nerve deafferentation, and
that rehabilitation training prior to the surgery may be
advantageous. In contrast, in the present study, while the
quantification of head movement kinematics during bal-
ance exercises following surgery was a good predictor of
clinical outcomes, preoperative clinical measures did not
predict postoperative head kinematics.

We speculate that preoperative clinical measures were
not predictive of postoperative head kinematics dur-
ing balance exercises (as opposed to gaze stabilization
exercise) because VS subjects were able to adopt a wider
range of compensation strategies for their balance vs.
gaze impairments. Following acute peripheral vestibular
loss, improvements in balance are largely mediated by
central compensatory mechanisms in VSR pathways [55]
that up-weight the brain’s reliance on extra-vestibular
sensory cues including vision and proprioception [6, 7].
The VSR is predominately mediated by indirect path-
ways including relay structures such as the interstitial
nucleus of Cajal and reticular formation, in addition to
direct projections from the vestibular nuclei to the neck
motoneurons (reviewed in Ref. [4, 57]). Changes in bal-
ance strategy can occur to integrate longer latency visual
inputs [58, 59] with centrally programmed predictive
motor commands within the indirect VSR pathways [54].

In contrast, the VOR pathway underlying stable gaze
is predominately mediated by a direct three-neuron arc;
vestibular afferents project to the vestibular nuclei, which
in turn project to the motoneurons that activate the eye
muscles. Thus while extra-vestibular proprioceptive and
motor inputs are upweighted in VOR pathways following
peripheral vestibular loss [56], visual inputs are too slow
to effectively contribute to the direct pathway ensuring
stable gaze. Indeed, consistent with this idea, our present
findings show that—both before and after surgery—VS
subjects demonstrated poorer stability (i.e., larger head
accelerations and velocities) as compared to controls dur-
ing balance stabilization exercises; even when performing
exercises where visual cues were present (i.e., “Tandem
stance eyes open”).

Conclusions and implications

Our results have immediate clinical implications in that
they provide evidence for the clinical benefit of IMU-
captured head kinematic data. For example, the head
kinematics of preoperative VS subjects are predictive of
their clinical test scores, and the quantification of altered
movement patterns to obtain a single “kinematic score”
offers a novel means for identifying VS subjects. While
the use of such a “kinematic score” will require further
algorithm development, it has the potential to improve
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clinical efficiency. Furthermore, compared to more
expensive posturography, our approach provides a rela-
tively accessible and inexpensive method for subject test-
ing. Notably, kinematic data, in general, characterizes the
status of a subject’s impairment and progress in an objec-
tive manner that is not otherwise visible to clinicians that
can ultimately be used to provide real-time feedback.
Such real-time feedback is likely to improve the efficiency
of the rehabilitation effort, as well as provide new insight
for understanding how individuals adapt their balance
strategies not only in loss of sensory afference but also in
the restoration/augmentation of sensory input.

Abbreviations

ABC: Activities-Specific Balance Confidence scale; BAI: Beck Anxiety Inven-
tory; CPG: Clinical practice guidelines; DHI: Dizziness Handicap Inventory;
DVA: Dynamic Visual Acuity; FGA: Functional gait assessment; IMU: Inertial
measurement unit; LARP: Left anterior/right posterior; RALP: Right anterior/left
posterior; RMS: Root mean square; SD: Standard deviation; TUG: Timed Up and
Go; VHIT: Video Head Impulse Test; VOR: Vestibulo-Ocular Reflex; VS: Vestibular
Schwannoma.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512984-022-01109-0.

[ Additional file 1. Additional Tables and Figure. }

Acknowledgements
We thank John Carey, MD for helpful discussions in the early phases of this
study and Raabea Aryan for feedback on this manuscript.

Author contributions

KEC and MCS designed the study. LW and JLM performed the experiments.
OAZ and LW analyzed the data. OAZ prepared figures and tables. OAZ and
KEC wrote the paper with input from MCS, JLM and LW. All authors read and
approved the final manuscript.

Funding

This work was funded by a Rubenstein Foundation grant (MCS and KEC),
R01-DC002390, RO1-DCO18061 and TUFTNS111695-01 from the National
Institutes of Health (KEC), and W81XWH-15-1-0442 and W8IXWH-I7-CTRR-CTA
from the Department of Defense (MCS).

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding author, K.E.C, upon reasonable request.

Declarations

Ethics approval and consent to participate

All procedures performed in this study with human participants was approved
by the Johns Hopkins University Institutional Review Board, and written
informed consent was obtained from each participant prior to data collection.

Consent for publication
Not applicable.

Competing interests
The authors declared no potential competing interests with respect to the
research, authorship, and/or publication of this article.

(2022) 19:120

Page 150f 16

Author details

'Department of Biomedical Engineering, McGill University, Montreal, QC,
Canada. 2Department of Biomedical Engineering, Johns Hopkins Univer-
sity, Baltimore, USA. >Department of Physical Medicine and Rehabilitation,
Johns Hopkins University School of Medicine, Baltimore, USA. “Department
of Otolaryngology-Head and Neck Surgery, Johns Hopkins University School
of Medicine, Baltimore, USA. °Department of Neuroscience, Johns Hopkins
University School of Medicine, Baltimore, USA. ®Kavli Neuroscience Discovery
Institute, Johns Hopkins University, Baltimore, USA.

Received: 12 January 2022 Accepted: 1 November 2022
Published online: 09 November 2022

References

1. Agrawal Y, Carey JP, Santina CC, Schubert MC, Minor LB. Disorders of
balance and vestibular function in US adults: data from the National
Health and Nutrition Examination Survey, 2001-2004. Arch Intern Med.
2009;169:938-44.

2. AgrawalY, Pineault KG, Semenov YR. Health-related quality of life and
economic burden of vestibular loss in older adults. Laryngoscope Inves-
tig Otolaryngol. 2017,3:8-15.

3. Goldberg JM, Wilson VJ, Cullen KE, Angelaki DE, Broussard DM, Buttner-
Ennever J, et al. The vestibular system. 2012;

4. Cullen KE. The vestibular system: multimodal integration and encoding of
self-motion for motor control. Trends Neurosci. 2012;35:185-96.

5. Mitchell DE, Dai C, Rahman MA, Ahn JH, Santina CCD, Cullen KE. Head
movements evoked in alert rhesus monkey by vestibular prosthesis
stimulation: implications for postural and gaze stabilization. PLoS ONE.
2013;8:e78767.

6. Peterka RJ. Balance, gait, and falls. Handb Clin Neurol. 2018;159:27-42.

7. Peterka RJ, Statler KD, Wrisley DM, Horak FB. Postural compensation for
unilateral vestibular loss. Front Neurol. 2011;2:57.

8. Peterka RJ. Sensorimotor integration in human postural control. J Neuro-
physiol. 2002;88:1097-118.

9. Creath R, Kiemel T, Horak F, Jeka JJ. Limited control strategies with the loss
of vestibular function. Exp Brain Res. 2002;145:323-33.

10. Chow MR, Ayiotis Al, Schoo DP, Gimmon'Y, Lane KE, Morris BJ, et al. Pos-
ture, gait, quality of life, and hearing with a vestibular implant. New Engl J
Med. 2021;384:521-32.

11. 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. J Neurol
Phys Ther. 2021;46(2):118.

12. Herdman SJ, Clendaniel RA, Mattox DE, Holliday MJ, Niparko JK. Vestibular
adaptation exercises and recovery: acute stage after acoustic neuroma
resection. Otolaryngol Head Neck Surg. 1995;113:77-87.

13. Herdman SJ, Schubert MC, Das VE, Tusa RJ. Recovery of dynamic visual
acuity in unilateral vestibular hypofunction. Arch Otolaryngol Head Neck
Surg. 2003;129:819-24.

14. Hillier S, McDonnell M. Is vestibular rehabilitation effective in improving
dizziness and function after unilateral peripheral vestibular hypofunc-
tion? An abridged version of a Cochrane Review. Eur J Phys Rehabil Med.
2016;52:541-56.

15. Kim KJ, Gimmon Y, Millar J, Schubert MC. Using inertial sensors to quan-
tify postural sway and gait performance during the Tandem walking test.
Sensors. 2019;19:751.

16. Wang L, Zobeiri OA, Millar JL, Schubert MC, Cullen KE. Head move-
ment kinematics are altered during gaze stability exercises in vestibular
schwannoma patients. Sci Rep. 2021;11:7139.

17. Wang L, Zobeiri OA, Millar JL, Silva WS, Schubert MC, Cullen KE. Continu-
ous head motion is a greater motor control challenge than transient
head motion in patients with loss of vestibular function. Neurorehab
Neural Repair. 2021;35(10):890-902.

18. Zobeiri OA, Mischler GM, King SA, Lewis RF, Cullen KE. Effects of vestibular
neurectomy and neural compensation on head movements in patients
undergoing vestibular schwannoma resection. Sci Rep. 2021;11:517.


https://doi.org/10.1186/s12984-022-01109-0
https://doi.org/10.1186/s12984-022-01109-0

Zobeiri et al. Journal of NeuroEngineering and Rehabilitation

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

Zobeiri OA, Ostrander B, Roat J, Agrawal Y, Cullen KE. Loss of peripheral
vestibular input alters the statistics of head movement experienced dur-
ing natural self-motion. J Physiology. 2021;599(8):2239-54.

Rine RM, Roberts D, Corbin BA, McKean-Cowdin R, Varma R, Beaumont J,
et al. New portable tool to screen vestibular and visual function National
Institutes of Health Toolbox initiative. J Rehabil Res Dev. 2012;49:209.
Rine RM, Schubert MC, Whitney SL, Roberts D, Redfern MS, Musolino MC,
et al. Vestibular function assessment using the NIH Toolbox. Neurology.
2013;80:525-31.

Li C, Beaumont JL, Rine RM, Slotkin J, Schubert MC. Normative scores

for the NIH toolbox dynamic visual acuity test from 3 to 85 Years. Front
Neurol. 2014;5:223.

Millar JL, Gimmon Y, Roberts D, Schubert MC. Improvement after ves-
tibular rehabilitation not explained by improved passive VOR gain. Front
Neurol. 2020;11:79.

Whitney SL, Marchetti GF, Schade A, Wrisley DM. The sensitivity and speci-
ficity of the Timed “Up & Go"and the dynamic gait index for self-reported
falls in persons with vestibular disorders. J Vestib Res. 2004;14:397-409.
Wrisley DM, Kumar NA. Functional gait assessment: concurrent, discrimi-
native, and predictive validity in community-dwelling older adults. Phys
Ther. 2010;90:761-73.

MacDougall HG, Weber KP, McGarvie LA, Halmagyi GM, Curthoys IS. The
video head impulse test. Neurology. 2009;73:1134-41.

Halmagyi GM, Chen L, MacDougall HG, Weber KP, McGarvie LA, Curthoys
IS. The video head impulse test. Front Neurol. 2017;8:258.

Powell LE, Myers AM. The Activities-specific Balance Confidence (ABC)
Scale. J Gerontol Ser Biol Sci Med Sci. 1995;50A:M28-34.

Lajoie Y, Gallagher SP. Predicting falls within the elderly community: com-
parison of postural sway, reaction time, the Berg balance scale and the
Activities-specific Balance Confidence (ABC) scale for comparing fallers
and non-fallers. Arch Gerontol Geriat. 2004;38:11-26.

Kosinski M, Bayliss MS, Bjorner JB, Ware JE, Garber WH, Batenhorst A, et al.
A six-item short-form survey for measuring headache impact: the HIT-6™.
Qual Life Res. 2003;12:963-74.

Beck AT, Epstein N, Brown G, Steer RA. An inventory for measuring clinical
anxiety: psychometric properties. J Consult Clin Psych. 1988;56:893-7.
Nashner LM, Peters JF. Dynamic posturography in the diagnosis and man-
agement of dizziness and balance disorders. Neurol Clin. 1990;8:331-49.
Ghislieri M, Gastaldi L, Pastorelli S, Tadano S, Agostini V. Wearable inertial
sensors to assess standing balance: a systematic review. Sensors.
2019;19:4075.

Johnston W, O'Reilly M, Argent R, Caulfield B. Reliability, validity and
utility of inertial sensor systems for postural control assessment in sport
science and medicine applications: a systematic review. Sports Med.
2019;49:783-818.

Horak FB, Mancini M. Objective biomarkers of balance and gait for
Parkinson’s disease using body-worn sensors. Movement Disord.
2013;28:1544-51.

Ricci M, Lazzaro GD, Pisani A, Scalise S, Alwardat M, Salimei C, et al. Wear-
able electronics assess the effectiveness of transcranial direct current
stimulation on balance and gait in Parkinson’s disease patients. Sensors
Basel Switz. 2019;19:5465.

Hansen C, Beckbauer M, Romijnders R, Warmerdam E, Welzel J, Geritz J,
et al. Reliability of IMU-derived static balance parameters in neurological
diseases. Int J Environ Res Pu. 2021;18:3644.

O'Brien MK, Hidalgo-Araya MD, Mummidisetty CK, Vallery H, Ghaffari R,
Rogers JA, et al. Augmenting clinical outcome measures of gait and bal-
ance with a single inertial sensor in age-ranged healthy adults. Sensors
Basel Switz. 2019;19:4537.

Cohen HS, Mulavara AP, Stitz J, Sangi-Haghpeykar H, Williams SP, Peters
BT, et al. Screening for vestibular disorders using the modified clinical
test of sensory interaction and balance and Tandem walking with eyes
closed. Otol Neurotol. 2019;40:658-65.

Vitorio R, EI-Gohary M, Pearson S, Carlson-Kuhta P, Harker G, Horak FB,

et al. Effectiveness of the mobility rehab system for mobility training in
older adults: a pragmatic clinical trial. Front Neurol. 2021;12: 680637.
Neville C, Ludlow C, Rieger B. Measuring postural stability with an inertial
sensor: validity and sensitivity. Medical Devices Evid Res. 2015;8:447-55.
Weiss A, Herman T, Plotnik M, Brozgol M, Maidan |, Giladi N, et al. Can an
accelerometer enhance the utility of the Timed Up & Go Test when evalu-
ating patients with Parkinson's disease? Med Eng Phys. 2010;32:119-25.

(2022) 19:120

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Page 16 of 16

Kim JH, Sienko KH. The design of a cell-phone based balance-training
device. J Medical Devices. 2009;3: 027510.

Giggins OM, Sweeney KT, Caulfield B. Rehabilitation exercise assessment
using inertial sensors: a cross-sectional analytical study. J Neuroeng
Rehabil. 2014;11:158.

Leardini A, Lullini G, Giannini S, Berti L, Ortolani M, Caravaggi P. Validation
of the angular measurements of a new inertial-measurement-unit based
rehabilitation system: comparison with state-of-the-art gait analysis. J
Neuroeng Rehabil. 2014;11:136.

Grimm B, Bolink S. Evaluating physical function and activity in the elderly
patient using wearable motion sensors. Efort Open Rev. 2016;1:112-20.
Horak F, King L, Mancini M. Role of body-worn movement monitor tech-
nology for balance and gait rehabilitation. Phys Ther. 2015;95:461-70.
Janc M, Sliwinska-Kowalska M, Jozefowicz-Korczynska M, Marciniak P,
Rosiak O, Kotas R, et al. A comparison of head movements tests in force
plate and accelerometer based posturography in patients with balance
problems due to vestibular dysfunction. Sci Rep. 2021;11:19094.

Bao T, Klatt BN, Carender WJ, Kinnaird C, Alsubaie S, Whitney SL, et al.
Effects of long-term vestibular rehabilitation therapy with vibrotactile
sensory augmentation for people with unilateral vestibular disorders—a
randomized preliminary study. J Vestib Res. 2020;29:323-34.

Kamran F, Harrold K, Zwier J, Carender W, Bao T, Sienko KH, et al. Auto-
matically evaluating balance using machine learning and data from a
single inertial measurement unit. J Neuroeng Rehabil. 2021;18:114.
Alsubaie SF, Whitney SL, Furman JM, Marchetti GF, Sienko KH, Klatt

BN, et al. Reliability and validity of ratings of perceived difficulty

during performance of static standing balance exercises. Phys Ther.
2019;99:1381-93.

Ribeyre L, Frére J, Gauchard G, Lion A, Perrin P, Spitz E, et al. Preoperative
balance control compensation in patients with a vestibular schwannoma:
does tumor size matter? Clin Neurophysiol. 2015;126:787-93.
Parietti-Winkler C, Lion A, Frére J, Perrin PP, Beurton R, Gauchard GC. Pre-
diction of balance compensation after vestibular schwannoma surgery.
Neurorehab Neural Repair. 2016;30:395-401.

Sadeghi SG, Minor LB, Cullen KE. Neural correlates of motor learning in
the vestibulo-ocular reflex: dynamic regulation of multimodal integration
in the macaque vestibular system. J Neurosci. 2010;30:10158-68.
Schubert MC, Migliaccio AA, Clendaniel RA, Allak A, Carey JP. Mechanism
of dynamic visual acuity recovery with vestibular rehabilitation. Arch Phys
Med Rehab. 2008;89:500-7.

Sadeghi SG, Minor LB, Cullen KE. Neural correlates of sensory substitution
in vestibular pathways following complete vestibular loss. J Neurosci.
2012;32:14685-95.

Goldberg JM, Cullen KE. Vestibular control of the head: possible functions
of the vestibulocollic reflex. Exp Brain Res. 2011;210:331-45.

Allum JHJ, Pfaltz CR. Visual and vestibular contributions to pitch sway
stabilization in the ankle muscles of normals and patients with bilateral
peripheral vestibular deficits. Exp Brain Res. 1985;58:82-94.

Sozzi S, Do M-C, Monti A, Schieppati M. Sensorimotor integration during
stance: processing time of active or passive addition or withdrawal of
visual or haptic information. Neuroscience. 2012;212:59-76.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Head movement kinematics are altered during balance stability exercises in individuals with vestibular schwannoma
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Subjects
	Clinical measures
	Dynamic Visual Acuity (DVA)
	Timed Up and Go (TUG)
	Gait speed
	Functional gait assessment (FGA)

	Physiological measures
	Video Head Impulse Test (vHIT)

	Subjective measures
	Dizziness Handicap Inventory (DHI)
	Activities-Specific Balance Confidence scale (ABC)
	Headache impact test
	Beck Anxiety Inventory (BAI)

	Kinematic measurements
	Balance exercises
	Statistics

	Results
	Preoperative head motion during eyes-closed exercises correlates with multiple clinical measurements
	Preoperative and postoperative clinical measures cannot predict postoperative kinematic measures
	Quantifying the global change in head kinematics in VS subjects before and after vestibular neurectomy based on the most informative kinematic parameters

	Discussion
	IMU measures of postural stability and implications for vestibular rehabilitation
	Comparison of changes in head movement kinematics during balance versus gaze stability exercises in vestibular schwannoma subjects
	Conclusions and implications

	Acknowledgements
	References


