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ABSTRACT This work aims to explore the utility of wearable inertial measurement units (IMUs) for
quantifying movement in Romberg tests and investigate the extent of movement in adults with vestibular
hypofunction (VH). A cross-sectional study was conducted at an academic tertiary medical center between
March 2021 and April 2022. Adults diagnosed with unilateral vestibular hypofunction (UVH) or bilateral
vestibular hypofunction (BVH) were enrolled in the VH group. Healthy controls (HCs) were recruited
from community or outpatient clinics. The IMU-based instrumented Romberg and tandem Romberg tests
on the floor were applied to both groups. The primary outcomes were kinematic body metrics (maximum
acceleration [ACC], mean ACC, root mean square [RMS] of ACC, and mean sway velocity [MV]) along
the medio-lateral (ML), cranio-caudal (CC), and antero-posterior (AP) axes. A total of 31 VH participants
(mean age, 33.48 [SD 7.68] years; 19 [61%] female) and 31 HCs (mean age, 30.65 [SD 5.89] years; 18 [58%]
female) were recruited. During the eyes-closed portion of the Romberg test, VH participants demonstrated
significantly higher maximum ACC and increased RMS of ACC in head movement, as well as higher
maximum ACC in pelvic movement along the ML axis. In the same test condition, individuals with BVH
exhibited notably higher maximum ACC and RMS of ACC along the ML axis in head and pelvic movements
compared with HCs. Additionally, BVH participants exhibited markedly increased maximum ACC along
the ML axis in head movement during the eyes-open portion of the tandem Romberg test. Conversely,
no significant differences were found between UVH participants and HCs in the assessed parameters. The
instrumented Romberg and tandem Romberg tests characterized the kinematic differences in head, pelvis,
and ankle movement between VH and healthy adults. The findings suggest that these kinematic body metrics
can be useful for screening BVH and can provide goals for vestibular rehabilitation.

INDEX TERMS Vestibular hypofunction, Romberg test, tandem Romberg test, wearable sensor, inertial
measurement units.
Clinical and Translational Impact Statement—Quantifying the static kinematic characteristics of adults with
vestibular hypofunction provides clinicians with clinically and functionallymeaningful data for screening and
vestibular rehabilitation.
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I. INTRODUCTION
VESTIBULAR hypofunction (VH) can cause functional
declines in vision, gait, and balance [1], [2], [3]. Individuals
with VH may have trouble maintaining stability during tasks
involving standing, as postural balance requires the integra-
tion of visual, somatosensory, and vestibular signals and is
regulated by the central nervous system [4].

Various physical tests have been developed to examine
the role of vestibular function in standing posture control.
A typical physical test is the Romberg test, which evaluates
static balance while the subject is standing with the eyes
open and closed. If individuals are unstable while stand-
ing (e.g., exhibit body sways and movement), the test is
considered positive. Romberg’s test is part of neurologi-
cal examinations in the outpatient department or general
ward [5], [6]. The tandem Romberg test is a modified
version of the Romberg test commonly used in diving
medicine [7], [8], [9]. Individuals with vestibular problems
cannot complete the tandem Romberg test; therefore, this
assessment can be a diagnostic tool for evaluating vestibular
disorders [10]. However, the sensitivity and reliability of
these tests are limited because of issues related to observer
bias [6] and age-related changes [11].
A review of the literature indicates that numerous studies

have been performed on the role of vestibular cues in static
balance control using advanced sensor technologies [12]. For
example, force plates or moving platform posturography have
been used to measure imbalance due to vestibular deficits
using different motion features (e.g., static tilt angles, peak
velocity, and duration) in different directions andwith various
body parts (e.g., head and trunk). However, moving platform
posturography is expensive, bulky, and unavailable in pri-
mary care. Moreover, this technology assesses overall trunk
control but is limited in tracking individual body parts at a
fine-grained level. Detailed posture information is essential
because it is associated with body coordination and offers
richer kinematic metrics for clinical evaluation.

Numerous studies have contributed valuable insights
into the assessment of balance, underscoring the poten-
tial of innovative devices for evaluating vestibular function.
Janc et al. compared head movement tests using force
plate and accelerometer-based posturography, highlight-
ing the ability of both devices to differentiate between
patients with balance problems and healthy individuals [13].
Rosiak et al. evaluated the utility of the MediPost Mobile
Posturography Device in assessing patients with a unilateral
vestibular disorder, reporting high sensitivity and specificity
in distinguishing between healthy individuals and those with
a vestibular deficit [14]. Zobeiri et al. focused on head
movement kinematics during functional gait assessment in
patients undergoing vestibular schwannoma resection; micro-
electromechanical systems (MEMS) were used to record
and analyze head movements [15]. The study highlights the
impact of vestibular damage and compensation on postural
control during gait tasks and emphasizes the importance of

quantifying kinematics usingMEMS technology in assessing
balance and compensation. These studies provide valuable
insights into balance assessment techniques and empha-
size the potential of novel devices for evaluating vestibular
function.

In recent years, there has been growing interest in the
use of wearable inertial measurement units (IMUs) for
motion analysis [16], [17], [18], [19] and balance tests [20].
IMUs offer several advantages, including portability, wireless
connectivity, and the ability to provide real-time information
on body movements in various settings [17]. However, the
majority of previous research utilizing IMUs focused on
dynamic balance assessments, with limited exploration of
static balance assessments. For instance, Paul et al. utilized
multiple IMUs to measure head–trunk kinematic abnormal-
ities during dynamic gait tests in patients with unilateral
vestibular loss, observing reduced head-turn amplitude and
velocities [21]. In another study, researchers successfully dif-
ferentiated between patients with chronic vestibular loss and
healthy controls (HCs) by analyzing IMU data on gait stabil-
ity [3]. Furthermore, researchers have examined the utility of
IMU-based approaches for objective posture stability assess-
ment in various conditions, such as cerebellar ataxia [22] and
frailty [23]. To the best of our knowledge, wearable IMUs
have not been previously applied to quantify static balance in
individuals with vestibular deficits—particularly those with
unilateral vestibular hypofunction (UVH) or bilateral vestibu-
lar hypofunction (BVH). This highlights the novelty and
significance of our study; we aimed to fill the aforementioned
gap by investigating the feasibility and potential benefits of
IMU-based assessments in static balance testing.

In the present study, we investigated the advantages of
IMUs in instrumented Romberg and tandem Romberg tests
in terms of quantification of kinematic characteristics and the
ability to detect abnormal bodymotion in adults withVH. The
main contributions of the study are as follows. (1) Quantifi-
cation of balance measures: Traditional Romberg and tandem
Romberg tests rely on visual observation to assess patients’
balance, which can be subjective and vary across different
studies. It is worth noting that positive results from these
tests can vary among different sources. In contrast, in our
study, IMUs were utilized to quantify the sway of various
body segments, providing numerical values that objectively
indicated the degree of body sway. This quantitative approach
allowed more accurate and consistent assessment of balance
performance. By quantifying the kinematic characteristics
of different body parts, we aimed to clarify VH and its
impact on balance control. (2) Comprehensive assessment:
While clinical tests (e.g., portable force plate) may be easy
to set up and inexpensive, they primarily focus on visually
observing the changes in the body’s center of gravity. In con-
trast, IMUs provide the ability to evaluate a broader range
of body segments, including the head, pelvis, and ankles.
This comprehensive assessment of multiple body parts allows
more thorough evaluation of balance control in individuals
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with VH. In comparison, a portable force plate primar-
ily assesses changes in overall body weight distribution,
which provides valuable information but may not capture the
detailed kinematic characteristics offered by IMUs. Accord-
ing to these considerations, the main hypothesis of our study
was that the IMU-based Romberg test and tandem Romberg
test are feasible for obtaining advanced balance control met-
rics of different body parts in patients with VH, even when
observational testing is not. By leveraging the quantification
capabilities of IMUs and assessing various body movements,
we obtained valuable insights into the assessment of balance
impairments associated with VH.

II. METHODS
A. PARTICIPANTS
This cross-sectional study was completed in an academic
tertiary medical center, and data were collected between
March 2021 and April 2022. We recruited adults who were
20 to 49 years of age. Individuals in outpatient departments
who were diagnosed with UVH or BVH were enrolled in the
VH group. Healthy participants without a history of dizzi-
ness or vertigo were recruited from community or outpatient
clinics as HCs. The inclusion criteria for all the participants
were as follows: no history of central vertigo, trauma, cancer,
or neurological diseases (such as parkinsonism or stroke);
normal activities of daily livingwithout visual, musculoskele-
tal, or neurological problems; and no sedative or anti-vertigo
medication use for 2 days before the test. The Institutional
Review Board of Taipei Veterans General Hospital approved
the study. All participants provided written informed consent.

B. CRITERIA FOR VESTIBULAR HYPOFUNCTION
Videonystagmography (VNG) was used to diagnose VH.
UVH was defined as ≥25% weakness in the caloric VNG
test [3]. BVH was defined as the sum of the bithermal
maximum peak slow phase velocity being <6 ◦/s on each
side [24].

C. STUDY DESIGN AND EXPERIMENTAL PROTOCOL
Participants performed the Romberg and tandem Romberg
tests on the floor while wearing IMUs (Opal sensors, ver-
sion 2.0; Motion Studio software, version 2.0; APDM, Inc.)
attached to specific body locations. The IMUs were secured
on the head (occipital cranial bone), pelvis (L4-L5 level),
and both ankles (above the lateral malleolus) using the
straps provided by the manufacturer (Fig. 1A). These IMUs,
which consisted of triaxial accelerometers, gyroscopes, and
magnetometers, were used to collect three-dimensional (3D)
linear accelerations and angular velocities. In particular, this
study focused on analyzing body movements using 3D linear
accelerations. Each IMU had dimensions of 48.5 × 36.5 ×

13.5 mm3 and weighed 22 g. The sampling rate was 128 Hz,
and the battery life of the sensor allowed 8 h of continuous
data logging.

FIGURE 1. Illustration of the sensor placement and data preprocessing.
For analysis, the three axes (x, y, z) of the four sensors (A) were converted
into three anatomical axes: the antero-posterior (AP), medio-lateral (ML),
and cranio-caudal (CC) axes (B).

The Romberg test involved having the participant stand
upright on a flat and firm surface with feet together and
arms crossed; the participants were instructed to maintain this
standing posture with their eyes open for 30 s and then with
their eyes closed for another 30 s. In the tandem Romberg
test, participants were asked to stand with one foot directly in
front of the other foot (heel to toe). They chose which foot
to place in front. Then, they were instructed to stand with
their arms crossed and to maintain this posture with their eyes
open for 30 s and then with their eyes closed for another 30 s.
The test was terminated if the participants showed postural
instability with a risk of falling.

D. DATA PREPROCESSING AND KINEMATIC PARAMETER
EXTRACTION
The data preprocessing consisted of two stages. First,

to reduce the amount of noise and artifacts caused by mus-
cle vibration, various moving average approaches have been
utilized for movement analysis, such as the moving average
and Gaussian-weighted moving average [25]. We applied the
standard moving average filter to smooth and denoise motion
data in this study. A simple moving average was obtained by
calculating the arithmetic mean of the determined period of
signals, where the length of the period is determined as 5 data
points. An example signal after the application of the moving
average filter is shown in Figure 2A.

Then, an initial calibration was employed to the filtered
data to remove the baseline offset. This is because the sensor
placement and individual differences may cause sensor tilting
and an initial baseline offset to the sensing signals. To remove
such measurement error, the average of the complete signals
over the test was subtracted from the entire data series and
to generates the preprocessed data. This approach can effi-
ciently remove the static baseline offset [26]. An example
signal after the baseline offset removal is shown in Figure 2B.
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FIGURE 2. Example signals after the moving average filter (A) and the
baseline offset removal (B).

After data preprocessing, kinematic parameters were
extracted from the preprocessed segments of different tests.
The IMU features were extracted along three axes from four
sensor locations to analyze the performance, including sig-
nificant differences between participants with VH and HCs.
A verticalized frame aligned to the gravity vector was used
to guarantee a repeatable reference system. The three axes
of the four sensors were converted into three anatomical
axes, i.e., the antero-posterior (AP), medio-lateral (ML), and
cranio-caudal (CC) axes, for analysis (Fig. 1B). The ankle
parameters were averaged between the two ankles.

The metrics of interest were the maximum acceleration
(ACC), mean ACC, mean sway velocity (MV), and root mean
square (RMS) of ACC. The RMS of ACC is a measure of the
variation in acceleration relative to the mean [27], [28]. The
following metrics were used.

• Maximum ACC: the maximum of accelerations in the
AP, ML, and CC directions of the head, pelvis, or
ankles (m/s2).

• Mean ACC: the average of accelerations in the
AP, ML, and CC directions of the head, pelvis, or
ankles (m/s2).

• RMS of ACC: the root mean square of accelerations
in the AP, ML, and CC directions of the head, pelvis,
or ankles (m/s2).

• MV: the integration of accelerations in the AP, ML,
or CC directions of the head, pelvis, or ankles (m/s).

These kinematic metrics have been widely used in static
balance analyses [29], [30], [31], [32], [33], [34]. A total
of 144 parameters were analyzed, including 36 parameters
[four types of metrics (maximum ACC, mean ACC, RMS of
ACC, MV) × three anatomical axes (AP, ML, CC) × three
body parts (head, pelvis, ankles)] shared by the Romberg
and tandem Romberg tests in the eyes-open and eyes-closed
portions.

E. STATISTICAL ANALYSIS
Each parameter is expressed in terms of the mean and
standard deviation (SD). Group comparisons of categori-
cal data, including age, sex, body mass index (BMI), and
parameters, were analyzed using independent-sample t tests.
Subgroups were initially compared using one-way analysis
of variance (ANOVA) tests. When significant differences
were observed in the ANOVA results, we proceeded with
the Bonferroni correction method to assess the relationships
between multiple dependent variables simultaneously. This
correction was aimed at maintaining an appropriate fami-
lywise error rate given the potential for multiple pairwise
comparisons. We applied a correction factor of 12 because
our primary objective was to determine which anatomical
axes and kinematic metrics effectively differentiated between
the groups under specific sensor placements and established
balance tests. This choice was based on the consideration
of three anatomical axes (AP, ML, CC) and four statistical
features (maximum ACC, mean ACC, RMS of ACC, MV).
Subsequently, for post hoc comparisons, we conducted
Scheffe-corrected t tests on these variables with corrected
p-values that remained significant after Bonferroni cor-
rection. A p-value of <0.05 was regarded as statistically
significant. All statistical analyses were performed using
Statistical Package for Social Sciences (SPSS) software
(v.23 for Mac, SPSS Inc., Chicago, IL). The framework of
the proposed IMU-based instrumented Romberg and tandem
Romberg tests is shown in Figure 3.

III. RESULTS
A. PARTICIPANT CHARACTERISTICS
Thirty-one participants with VH (mean age, 33.48 [SD 7.68]
years; 19 [61%] female; 20 [65%] with BVH) and 31 HCs
(mean age, 30.65 [SD 5.89] years; 18 [58%] female) were
recruited. No group differences were found in terms of age,
sex, or BMI. The participant demographic characteristics are
summarized in Table 1.

B. VH AND HC GROUPS SIGNIFICANTLY DIFFERED IN
PERFORMANCE ON ROMBERG TEST
To determine whether participants with VH differed from
HCs in terms of performance on the Romberg and tandem
Romberg tests, we first aimed to determine group differ-
ences in the eyes-open portion of the Romberg test with
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FIGURE 3. Framework of the IMU-based instrumented Romberg test and tandem Romberg
test.

TABLE 1. Demographic characteristics (n = 62).

independent-sample t tests. As shown in Table 2, in the
Romberg test, no differences between the two groups were
found in the eyes-open portion. Compared with HCs, partici-
pants with VH exhibited a trend toward larger head, pelvis,
and ankle movements with higher maximum ACC, mean
ACC, RMS of ACC, and MV along the ML axis when stand-
ing with their eyes closed. After the Bonferroni correction
was applied to the p-values, statistical significance remained
for the head and pelvic movements along the ML axis of
maximum ACC, as well as for head movement in the RMS of
ACC (Table 2). This outcome indicates that the instrumented
eyes-closed portion of the Romberg test not only successfully
differentiated between participants with VH and HCs but also
maintained its discriminatory power even when accounting
for multiple comparisons.

C. DIFFERENCES IN PERFORMANCE ON TANDEM
ROMBERG TEST BETWEEN VH AND HC GROUPS
In the eyes-open portion of the tandem Romberg test, partici-
pants with VH exhibited a tendency toward higher maximum
ACC, mean ACC, RMS of ACC, and MV along the ML
axis compared with HCs. Additionally, participants with VH

exhibited increased ankle movement with higher MV along
the AP axis. However, after the Bonferroni correction was
applied to the p-values, none of these parameters remained
statistically significant.

Similarly, as shown in Table 3, in the eyes-closed portion
of the tandem Romberg test, participants with VH exhibited
head movement along the ML axis with higher mean ACC,
RMS of ACC, and MV compared with HCs. Overall, there
were fewer significant differences in movement metrics in
the eyes-closed portion of the tandem Romberg test than in
the eyes-open portion, with significant differences primarily
observed in head movement. However, when we accounted
for multiple comparisons using the Bonferroni correction,
none of these differences remained statistically significant
(Table 3). Despite these findings, it is important to note that
the instrumented eyes-open portion of the tandem Romberg
test initially exhibited discriminatory power between partici-
pants with VH and HCs.

D. SUBGROUP ANALYSIS: BVH VS. UVH VS. HCs
To comprehensively explore the distinctions within the VH
group, we divided it into two subgroups: BVH and UVH
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TABLE 2. Significant differences in parameters of the romberg test between hcs and participants with VH.

TABLE 3. Significant differences in parameters of the tandem romberg test between HCs and participants with VH.

participants, which were analyzed alongside HCs. We con-
ducted comparisons between BVH and UVH, between UVH
and HCs, and between BVH and HCs. The results of these
subgroup analyses are presented in Tables 4 and 5.

As shown in Table 4, in the eyes-closed portion of the
Romberg test, participants with VH exhibited notable differ-
ences in head, pelvis, and ankle movements compared with
HCs. Specifically, BVH participants exhibited higher maxi-
mumACC, mean ACC, RMS of ACC, andMV along the ML

axis. Additionally, their ankle movement exhibited a higher
maximumACC along the CC axis. Following Bonferroni cor-
rection, significant differences persisted in head movements
along the ML axis, as well as in pelvic movements, for the
maximum ACC and RMS of ACC.

As shown in Table 5, in the eyes-open portion of the tandem
Romberg test, participants with VH exhibited different head
and pelvis movement patterns from HCs. BVH participants
exhibited higher maximum ACC, mean ACC, RMS of ACC,
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TABLE 4. Subgroup differences on the romberg test.

TABLE 5. Subgroup differences on the tandem romberg test.

VOLUME 12, 2024 251



K.-C. Ting et al.: IMU-Based Romberg Test for Assessing Adults With Vestibular Hypofunction

and MV along the ML axis. Moreover, BVH participants
exhibited substantial head movement with notably higher
mean ACC along the CC axis. They also exhibited higher
maximum ACC, mean ACC, RMS of ACC, and MV along
the AP axis for ankle movement. After Bonferroni correction,
only head movement along theML axis in terms of maximum
ACC retained its statistically significant difference.

Further post hoc comparisons revealed that the observed
differences were primarily between the BVH and HC sub-
groups, highlighting the pronounced impact of BVH on these
movement parameters.

IV. DISCUSSION
In this cross-sectional study, we used wearable sensors to
monitor individual movement kinematics of the head, pelvis,
and ankles in the Romberg and tandem Romberg tests to
examine the instability induced by VH. A total of 144 param-
eters, including the maximum and mean ACC, RMS of ACC,
and MV along three axes, were analyzed. Among these,
a subset of parameters emerged as statistically significant
differentiators between healthy adults and those with VH.
It is worth noting that the conventional approach for the
Romberg test often involves the use of a compliant memory
foam surface during the feet-together condition to increase
difficulty. However, in this study, to ensure simplicity and
accessibility in various clinical settings, the Romberg test
was conducted on a firm surface. This decision was made
to facilitate ease of administration, considering the limited
availability of compliant memory foam surfaces for testing
purposes. Furthermore, the inclusion of the tandem Romberg
test aimed to simulate reduced proprioceptive input, similar
to standing on a compliant surface. By incorporating both
tests, a comprehensive assessment of balance control under
various conditions was performed. The results of this study
indicate that the wearable IMUs can quantify movement in
the Romberg and tandem Romberg tests to explore the extent
of movement in adults with VH.

A. ADDITION OF WEARABLE IMUS TO ROMBERG TEST
AND TANDEM ROMBERG TEST
The methods of applying the Romberg test vary [6], and posi-
tive test results also vary (for example, a fall [35], a sway [36],
or needing to open the eyes or move the limbs within a set
time interval [37], [38], [39]). Herein, we propose a novel
method of adding instrumentation to the Romberg test to
characterize body movement in individuals with VH and
to quantify the test results. The instrumented eyes-closed
portion of the Romberg test could differentiate between par-
ticipants with VH and HCs.

This study also demonstrated the feasibility of using the
IMU-based instrumented approach in the tandem Romberg
test. Longridge and Mallinson [11] reported that the tandem
Romberg test provided no value in diagnosing vestibular
disease. Additionally, performance on the tandem Romberg
test differed significantly between the young (<50 years old)
and old (≥50 years old) cohorts. The authors assumed that

age effects on the tandem Romberg test may overshadow the
ability to detect a vestibular disease [11], as age may affect
balance. Indeed, the proportion of the general population
with vestibular vertigo increases with age [1]. In the elderly
population, VH is the leading cause of balance problems [40],
[41]. Therefore, we applied an age cutoff of 50 years in our
study, enrolling only adult participants less than 50 years
old. Compared with the typical tandem Romberg test, the
proposed instrumented tandem Romberg test effectively dif-
ferentiated participants with VH from HCs.

The findings support the initial hypothesis that IMU-based
Romberg and tandem Romberg tests can provide valu-
able insights into balance impairments associated with VH.
The significant differences observed in kinematic measures
between VH participants and HCs indicate the sensitivity of
the IMU system in detecting abnormal body motion during
balance tasks. The study also highlights the advantages of
using instrumented tests over traditional Romberg tests that
rely on visual observation. By quantifying balance measures
using IMUs, we overcame the subjectivity and variability
inherent in visual assessments. This objective and quantita-
tive approach allows accurate and consistent evaluation of
balance performance.

B. KINEMATIC FEATURES DURING STANDING BALANCE
TESTS FOR HCS AND PARTICIPANTS WITH VH
Postural balance relies on integrating the visual, propriocep-
tion, and vestibular systems, which tend to be interdependent
and supportive [6], [42]. Losing two or more of these systems
may lead to imbalance or a fall, but a healthy individual can
maintain posture when only one system is lost [6]. Thus,
in the eyes-open portion of the Romberg test, we found no
significant differences between the VH and HC groups. The
participants with VH could maintain an upright stance by
relying on visual and proprioception inputs. In the eyes-
closed portion of the Romberg test, HCs lost only visual
input; in contrast, participants with VH lacked both visual
and vestibular input and thus exhibited significant body sway
along theML axis. This result is consistent with the literature.

HCs effectively maintained balance through the integra-
tion of two inputs in each of these tests—proprioception
and vestibular inputs in the eyes-closed Romberg test and
visual and vestibular inputs in the eyes-open tandemRomberg
test. Conversely, participants with VH relied on a singular
input for each test—proprioception input for the eyes-closed
Romberg test and visual input for the eyes-open tandem
Romberg test. A comparison of the original data between the
eyes-closed portion of the Romberg test and the eyes-open
portion of the tandem Romberg test indicated similar results.
However, it is worth noting that the discrepancy in these
findings—particularly the observed statistical significance
only in the head and pelvic movement parameters along the
ML axis in the eyes-closed Romberg test after Bonferroni
correction—may indicate a potential weakening rather than
complete loss of proprioception in the tandem Romberg test.
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Compared with HCs, participants with VH exhibited a higher
degree of body sway along theML axis. These results confirm
that monitoring and maintaining optimal balance requires at
least two inputs. Additionally, the experimental results sup-
port our hypothesis. The IMU-based instrumented Romberg
and tandem Romberg tests, which evaluate balance, can pro-
vide objective data to improve the reliability and validity of
the traditional Romberg and tandem Romberg tests.

Standing with one foot in front of the other (as in the
tandem Romberg test) disrupts proprioception, which is the
primary source of postural information for an individual with
VH in the eyes-closed portion of the test. In this portion of
the tandem Romberg test, participants with VH experienced
a reduction in three sensory inputs, while HCs experienced a
reduction in two sensory inputs. Both groups exhibited a lack
of balance (e.g., body sway), and no significant distinctions
were noted following the Bonferroni correction. This finding
indicated that loss of two or more sensory inputs significantly
contributed to pronounced body sway in participants with VH
and HCs.

The RMS of ACC has been used to assess gait and
balance [19], [43]. The RMS values along the ML axis were
elevated in balance-impaired individuals [44]. Similarly, the
RMS ratio along the ML axis was associated with walking
balance [43]. In the present study, we used wearable sensors
to capture the ACC of body movements and calculated the
RMS of ACC for the Romberg test and tandem Romberg test.
We found that individuals with VH exhibited a large RMS of
ACC along the ML axis than HCs.

The results indicate the clinical implications and advan-
tages of using IMU-based assessments in evaluating balance
impairments. The ability of IMUs to objectively quantify
kinematic characteristics allows clinicians to monitor balance
performance more comprehensively and track the progress
of individuals undergoing vestibular rehabilitation [45], [46].
Furthermore, the ability to assess multiple body parts, includ-
ing the head, pelvis, and ankles, can clarify balance control
mechanisms and facilitate targeted interventions.

C. SUBGROUP ANALYSIS
Our analysis pinpointed a significant differentiation between
HCs and subgroups of participants with BVH in terms
of kinematic parameters related to head movement—
specifically themetric ofmaximumACC. Therefore, tracking
head movement is essential for assessing posture stability and
balance control in patients with vestibular deficits [21], [47],
[48]. Comparison of HCs and participants with UVH revealed
no significant differences in parameters on the eyes-open or
eyes-closed portions of the Romberg test or the eyes-open
portion of the tandem Romberg test. Participants with UVH
may have effectively compensated for their unilateral vestibu-
lar deficit. Further research is needed to investigate the
characteristics of posture control in adults with UVH.

The subgroup analysis comparing BVH participants to
HCs and UVH participants provided additional insights.

The significant differences observed in kinematic mea-
sures between BVH participants and HCs suggested more
pronounced balance deficits in the BVH subgroup. This infor-
mation can be useful for tailoring treatment approaches and
interventions for individuals with different types of VH.

D. LIMITATIONS
This study had limitations that should be acknowledged. First,
it was a cross-sectional study, and the statistical analyses of
demographic characteristics were conducted post hoc. Sec-
ond, the sample size—particularly for the UVH and BVH
subgroups—was small. Nonetheless, the calculated effect
sizes using eta squared indicated meaningful trends and dif-
ferences. Additionally, Cohen’s d was employed to compare
the two groups, revealing effect sizes that complement the
interpretation of results. However, future studies with larger
sample sizes are needed to further enhance the robustness and
generalizability of the conclusions derived from the analysis.
Third, it is important to note that these tests are indirect
measures of the vestibular system. Patients with foot defor-
mities; musculoskeletal problems affecting the ankle, knee,
hip, or spine; peripheral neuropathy; or other neurological
conditions may score poorly on these tests, even with an
intact vestibular system. Therefore, it is essential to consider
the effects of these factors when interpreting the results and
applying the tests in clinical practice.

In future studies, we plan to address these limitations by
recruiting a more diverse range of participants from different
age groups, including individuals over the age of 50 years.
This approach will allow us to determine the feasibility and
discriminative validity of these tests in a broader population.
Additionally, we intend to explore more advanced kinematic
tests, such as Timed Up and Go, to provide comprehensive
ambulatory indexes for clinical assessment.

Furthermore, we are considering the incorporation of
angular velocity measures in our future research to more
comprehensively analyze balance performance. Advanced
filtering approaches will also be investigated to separate
dynamic acceleration and gravity for evaluating the balance
of individuals with VH, including the Butterworth low-pass
filter [49], inclination angles [50], and sensor fusion [51].
By incorporating these measures and signal processing tech-
niques, we can enhance the clinical applicability of our
findings.

V. CONCLUSION
The IMU-based instrumented Romberg and tandemRomberg
tests are valuable objective tools for identifying individuals
with VH. Particularly noteworthy are the head and pelvic
movements along the ML axis of maximum ACC, as well
as head movement in the RMS of ACC in the eyes-closed
portion of the Romberg test, which effectively distinguish
healthy adults from those with VH. Patients with BVH are
likely to exhibit noticeable swaying along the ML axis during
the eyes-closed Romberg test or eyes-open tandem Romberg
test. Notably, the maximum ACC of head movement in the
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ML axis stands out as a pivotal indicator for differentiating
between BVH and HCs. These findings have potential util-
ity as a reference for VH screening in primary care clinics
lacking access to specialized vestibular function tests.
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