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Abstract
Background: Benign paroxysmal positional vertigo (BPPV) is one of the most common peripheral
vestibular disorders leading to balance di�culties and increased fall risks. This study aims to investigate
the walking stability of BPPV patients in clinical settings and propose a machine-learning-based
classi�cation method for determining the severity of gait disturbances of BPPV.

Methods: Twenty-seven BPPV outpatients and twenty-seven healthy subjects completed level walking
trials at self-preferred speed in clinical settings while wearing one accelerometer on the head and one on
the lower trunk. Temporo-spatial variables and six walking stability related variables (root mean square
(RMS), harmonic ratio (HR), gait variability, step/stride regularity, and gait symmetry) derived from the
acceleration signals were analyzed. A support vector machine model (SVM) based on the gait variables
of BPPV patients were developed to classify the BPPV severity of gait disturbances.

Results: The results showed that BPPV patients employed a conservative gait and signi�cantly reduced
walking stability compared to the healthy controls. Signi�cant different mediolateral HR at the lower trunk
and anteroposterior step regularity at the head were found in BPPV patients among mild, moderate, and
severe DHI (dizziness handicap inventory) subgroups. SVM classi�cation achieved promising accuracies
with area under the curve (AUC) = 0.87, 0.80, and 0.95 respectively for classifying the three stages of DHI
subgroups.

Conclusions: Results suggested that the proposed gait analysis that is based on the coupling of wearable
accelerometers and machine learning provides an objective approach for assessing gait disturbances
and handicapping effects of dizziness imposed by BBPV.

Trial registration: The trial was registered in the Chinese Clinical Trial Registry (http://www.chictr.org.cn)
on March 29, 2018. Registration number: ChiCTR1800015432 (http://www.chictr.org.cn/showproj.aspx?
proj=25587).

1. Introduction
Benign paroxysmal positional vertigo (BPPV) is considered to be the most common peripheral vestibular
disorder with a lifetime prevalence of 2.4% [1]. The vestibular system senses the linear and angular
acceleration of the head during movement, and this plays a critical role in stabilizing gaze, head, and
trunk during movement in order to maintain balance. Due to the impaired vestibular system in BPPV,
patients usually suffer from transient vertigo and nystagmus leading to balance di�culties, increased
risk of falls, and generally reduced quality of life [1, 2].

The Dix-Hallpike test is regarded as the gold standard diagnostic test for BPPV. It is performed by moving
the patient position to trigger nystagmus, based on which disease severity can be evaluated [3]. However,
the sensitivity of this test for BPPV diagnosis is only 79.3%, which should be improved for making
precision and accurate clinical decisions [4]. The Dizziness Handicap Inventory (DHI), a 25-item self-

http://www.chictr.org.cn/
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assessment scale designed to measure the self-perceived level of handicap associated with the symptom
of dizziness, has been proposed to assist in the diagnosis of BPPV and quantify the handicapping
effects of dizziness in vestibular disorders [5, 6]. Previous studies have shown that there are signi�cant
differences in DHI scores between healthy people and BPPV [5, 7]. However, DHI is based on self-
perception of disease and therefor there is still a lack of an objective tool to assess the severity of BPPV
disease associate with dizziness handicapping.

Walking is a precision task and highly related to dynamic balance ability, which requires the maintenance
of a stable gaze as well as a stable head and trunk movement to avoid falls. However, a stable gait
remains a challenge in BPPV due to their impaired vestibular system. Previous studies have evaluated the
walking performance of BPPV patients during normal gait and tandem walk, and impaired
temporospatial variables were observed in these studies [8–10]. These results could only indicate a
conservative gait adopted in BPPV to avoid falls but could not answer why they are still at high risk of
falling. Another limitation of previous studies is that the measurement was conducted in laboratory
settings and required sophisticated equipment such as 3D motion capture system, which could not truly
re�ect the gait disturbances during transient vertigo in BPPV patients.

Walking stability during natural walking have been used to quantify the balance ability and disease
severity, which can be accessed using wearable sensors without the limitations of a gait laboratory
environment [11–13]. The sensor-based measurements of walking stability include root mean square
(RMS), harmonic ratio (HR), gait variability, gait symmetry and gait regularity [14]. Previous studies have
found that BPPV patients have impaired abilities in controlling static posture balance in mediolateral and
anteroposterior axes [15, 16], analyzing the walking stability in various axes rather than purely studying
the temporospatial gait variables may help us to gain insights about the BPPV disease. Furthermore,
previous studies have found the signi�cant associations between the vestibular dysfunction and the
changes of gait and balance, thus offering a possibility to objectively assess the severity of gait
disturbances imposed by BPPV disease [17–19].

Therefore, the aim of this study was to quantitatively analyze the walking stability of patients with BPPV
using accelerometers in clinical settings, and further to explore a method for the assessment of
handicapping effects of dizziness imposed by BPPV. We hypothesized that patients with BPPV would
exhibit impaired walking stability compared with healthy controls even if a conservative gait was
adopted. We further hypothesized that the impaired gait variables are association with the DHI scores,
and a machine learning-based model may objectively assess the handicapping effects of dizziness
imposed by BPPV.

2. Materials And Methods
2.1 Subjects

Twenty-seven outpatients diagnosed with active, idiopathic unilateral BPPV of the posterior semicircular
canal between the ages of 30 to 70 years (average 56.513.1), and twenty-seven healthy subjects between
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the ages of 25 to 70 years (average 56.110.8) were included in this study (Table 1). None of the healthy
subjects had any medical history of neurological or orthopaedic conditions. According to the
classi�cation of patient's functional abilities by DHI scores, the BPPV patients were classi�ed into three
subgroups: mild stage (DHI = 0–30), moderate stage (DHI =31–60), and severe stage (DHI = 61–100).

The procedures of this study were approved and mandated by the institutional human research ethics
committee of School of Biomedical Engineering, Shanghai Jiao Tong University (protocol
number:201807), and conformed to the 1964 Helsinki Declaration. All subjects were fully informed of the
study procedures, possible risks, privacy, and the freedom to withdraw. Informed consent was obtained
from all participants.

2.2 Experiment setup

Level walking experiments were performed in the outpatient corridor of the neurology department at the
Shanghai Ninth People’s Hospital. All subjects were instructed to walk at self-preferred speed along a 20
m walkway, during which their head was not allowed to turn, eyes looking straight ahead, and arms
swinging naturally. A Timing Gait System (Brower, Draper, Utah, USA) was used to measure the walking
duration of the middle 10 m of steady walk. The trial was de�ned as invalid if the standard deviation of
the walking duration of each subject exceeded 5%. In this study, 6 valid trials were obtained for each
subject. Two accelerometersDelsys, Inc., Boston, MA, USA)ere �rmly strapped on the subject’s head and
lower trunk at the third lumbar spinous process (L3) with belts (Fig. 1). Calibration was performed before
each walking trail by placing it align with each orthogonal axis vertically to ensure the vertical
acceleration is statically the ±1g value. Acceleration signals were captured by Delsys acquisition software
(Delsys, Inc., Boston, MA, USA) and recorded at 148 Hz sampling rate in three orthogonal axes (VT, AP,
and ML), respectively. 

2.3 Data processing and gait variable calculation

The gravity component was �rst removed from the raw acceleration data and then �ltered with a second-
order Butterworth low pass �lter with a cutoff frequency of 22 Hz. Five clinically relevant temporospatial
variables and six variables re�ecting walking stability were selected and calculated in Matlab (2019 a, the
MathWorks, Inc., Natick, MA, USA).

Temporo-spatial variables: walking speed (m/s), walking distance (10 m) divided by the total time
duration measured by timing gait system in the distance; step length(cm), walking distance (10 m)
divided by the number of steps; cadence(steps/min), the number of vertical lower trunk acceleration
peaks divided by the walking duration of each trial; step timing variability, SDs between successive gait
cycles over an entire walking trial. Gait cycles were determined by the vertical lower trunk acceleration
peaks.

Walking stability variables: Each variable in this part was calculated in the anteroposterior (AP),
mediolateral (ML), and vertical (VT) axes. Acceleration root mean square (RMS), the dispersion of the
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measured acceleration signal relative to zero; Harmonic Ratio (HR), the ratio of even harmonics and odd
harmonics of the measured acceleration signal, re�ecting the gait smoothness and symmetry [20]; Step
regularity (SR1), the amplitude of the �rst peak in the acceleration autocorrelation signal; Stride regularity
(SR2), the amplitude of the second peak in the acceleration autocorrelation signal; Gait symmetry, the
closeness of SR1/SR2 to 1.0 [21]; Gait variability, the width of the dominant peak in the power spectrum
of the measured acceleration signal [14].

2.4 Statistical Analysis

All statistical analyses were performed using SPSS Release 22 (SPSS Inc., Chicago, IL, USA). All
continuous variables were described with mean ± standard deviation. The normality test was performed
using the Kolmogorov-Smirnov test and variables with positively skewed distributions were log10

transformed before inferential analysis. Walking stability variables were �rst adjusted to walking speed to
remove the in�uence of gait speed [22,23]. One-way ANOVA was performed to test the differences of gait
variables between BPPV patients and healthy controls.

2.5 Classi�cation model of BPPV severity

A machine-learning based model was built for the classi�cation of DHI subgroups of BPPV disease
automatically.

Feature selection: To improve the performance of classi�cation model, the gait variables that showed
signi�cant differences between BPPV patients and healthy controls were used as feature selection set for
BPPV severity classi�cation model. One-way ANOVA was used to further identify the model features by
analyzing the signi�cant differences of the gait variables among three disease stages of BPPV by DHI
scores.

Model training: Support vector machine (SVM) with a linear kernel was used to build the model due to its
good performance with high dimensional data, high signal to noise ratio [24], and it outperformed other
machine learning algorithms, i.e. multi-layer perceptron and the k-nearest neighbors in training gait data
[25].

Model validation: Repeated 5-fold cross-validation was performed to evaluate the model performance,
meaning that the dataset was split into 5 subsets, where 4 subsets were used for training the model and
the remaining subset was used as an independent validation set. This training and validation were
repeated 5 times where each time a different independent validation set was used. The receiver operating
characteristic (ROC) curve and accuracy (AUC) were used to evaluate the model performance in each
fold.

3. Results

3.1 Participant characteristics
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Demographic characteristics of the 27 BPPV patients and 27 healthy subjects are shown in Table 1. The
experimental groups were of similar age, weight, height, and gender ratio (p > 0.05).

Table 1
Mean value and standard deviation of subject characteristics.

  BPPV (n = 27) Controls(n = 27) p-value

Age (year) 56.5 ± 13.1 56.1 ± 10.8 0.63

Gender 16F + 11M 21F + 6M 0.28

Weight (Kg) 63.5 ± 10.8 59.6 ± 8.0 0.11

Height (cm) 162.0 ± 6.7 161.2 ± 5.1 0.45

3.2 Gait variables
Gait variables highlighted signi�cant alternation in temporospatial characteristics and walking stability
between healthy subjects and individuals with BPPV (Table 2). Compared to healthy subjects, BPPV
patients walked more slowly with decreased cadences and shorter step lengths (p < 0.05) (Table 2). The
RMS of BPPV patients were found generally decreased than that of healthy subjects, but the signi�cant
difference was found only in the VT axis of both head and lower trunk. There was no signi�cant
difference in the ML axis of both head and lower trunk between healthy people and individuals with BPPV
(p > 0.05) (Table 2). In AP axis, although RMS in the head of BPPV patients was signi�cantly lower than
that of healthy subjects, there was no statistical signi�cance in the lower trunk(p > 0.05) (Table 2). With
regard to the HR, BPPV patients was generally lower than that of healthy subjects, and there was
statistical signi�cance in the ML axis of both head and trunk and the VT axis of the lower trunk (Table 2).
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Table 2
Gait variables between BPPV patients and healthy subjects

Variables BPPV Controls P-Value

Temporospatial Walking Speed (m/s) 1.12 ± 0.15 1.20 ± 0.12 0.048

Step length (cm) 75.78 ± 8.43 78.84 ± 5.86 0.043

Cadence(steps/min) 111.17 ± 10.69 119.54 ± 8.03 0.002

Step timing variability 0.018 ± 0.009 0.016 ± 0.006 0.38

RMS Head VT 0.178 ± 0.05 0.212 ± 0.04 0.02

ML 0.11 ± 0.04 0.13 ± 0.03 0.09

AP 0.13 ± 0.04 0.17 ± 0.03 < 0.01

Trunk VT 0.18 ± 0.06 0.22 ± 0.05 0.02

ML 0.11 ± 0.03 0.10 ± 0.02 0.57

AP 0.07 ± 0.03 0.09 ± 0.04 0.06

HR Head VT 2.66 ± 0.86 3.09 ± 0.88 0.50

ML 2.18 ± 0.54 2.78 ± 0.66 0.04

AP 2.07 ± 0.48 2.48 ± 0.63 0.15

Trunk VT 2.54 ± 0.74 2.98 ± 0.61 < 0.01

ML 2.59 ± 0.72 2.97 ± 0.77 0.02

AP 1.50 ± 0.55 1.74 ± 0.59 0.14

RMS refers to root mean square; HR refers to harmonic ratio; VT, ML, and AP refer to the vertical axis,
mediolateral axis, and anteroposterior axis, respectively.

When assessing the walking stability from the perspective of gait quality, decreased consistency of gait
was found in BPPV patients, as detected in the lower step regularity in all three axes at the head (p < 
0.05), lower stride regularity in the VT axis at the head (p < 0.05), reduced symmetry in the ML axis at the
lower trunk (p < 0.05) (Fig. 2). The gait variability known as another marker for walking stability was
found increased in BPPV patients in the ML and AP axes at the head, and in the VT and AP axes at the
lower trunk, compared to healthy subjects (p < 0.05 (Fig. 2).

3.3 Classi�cation model of BPPV disease
BPPV patients were assigned to the mild (DHI = 0–30), moderate (DHI = 31–60) and severe (DHI = 61–
100) subgroups according to their DHI scores (Table 3). Age and gender did not show signi�cance
differences among three DHI subgroups (p > 0.05).
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Table 3
Demographics and gait variables among three DHI subgroups. Data are presented as median (First

quartile)
Variables Mild (N = 12)

DHI 0–30

Moderate (N = 9)

DHI 31–60

Severe (N = 6)

DHI 61–100

Subject
characteristics

Age (year) 62 (39.75) 63(47) 53.5(49.25)

Gender 3M + 9F 5M + 4F 3M + 3F

Weight
(Kg)

62(59.25) 60(56) 56.5(52)

Height
(cm)

161(158.5) 160(156) 159(156.5)

Temporospatial
variables

Step
length

73.18(69.83) 80.57(76.68) 75(69.67)

Cadence 114.06(107.53) 111.75(104.07) 116.11(96.48)

Walking
speed

1.10(1.01) 1.15(1.06) 1.19(0.97)

RMS Head, VT 0.16(0.15) 0.17(0.16) 0.21(0.11)

Head, AP 0.13(0.12) 0.14(0.12) 0.11(0.09)

Trunk, VT 0.18(0.15) 0.17(0.15) 0.19(0.14)

HR Head, ML 1.86(1.55) 2.00(1.47) 1.60(1.56)

Trunk, VT 2.31(1.86) 2.13(1.77) 2.09(1.99)

Trunk,
ML**

2.50(2.17) 2.40(2.10) 1.76(1.58)

Step Regularity Head, VT 0.69(0.65) 0.62(0.53) 0.62(0.57)

Head, ML 0.61(0.55) 0.69(0.48) 0.47(0.23)

Head, AP* 0.87(0.81) 0.84(0.75) 0.82(0.76)

Stride Regularity Head, VT 0.78(0.73) 0.80(0.78) 0.76(0.73)

Gait Symmetry Trunk, ML 0.90(0.84) 0.88(0.86) 0.91(0.74)

Gait Variability Head, ML 0.77(0.72) 0.85(0.79) 0.81(0.73)

Head, AP 0.79(0.73) 0.78(0.77) 0.80(0.73)

Trunk, VT 0.76(0.72) 0.79(0.78) 0.76(0.74)

DHI refers to DHI score. VT, ML, and AP refer to the vertical axis, mediolateral axis, and anteroposterior
axis, respectively. * indicates p < 0.05. ** indicates p < 0.01.
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Variables Mild (N = 12)

DHI 0–30

Moderate (N = 9)

DHI 31–60

Severe (N = 6)

DHI 61–100

Trunk, AP 0.77(0.72) 0.78(0.76) 0.81(0.73)

DHI refers to DHI score. VT, ML, and AP refer to the vertical axis, mediolateral axis, and anteroposterior
axis, respectively. * indicates p < 0.05. ** indicates p < 0.01.

Based on the gait analysis between BPPV patients and healthy control group (Table 2 and Fig. 2), gait
variables with signi�cant differences were selected as feature selection set for BPPV severity
classi�cation model (Table 3). One-way ANOVA results for these variables found HR in the ML axis at the
lower trunk and step regularity in the AP axis at the head showed signi�cant differences among the three
subgroups (p < 0.05), thus these two variables were selected as features to build the SVM classi�cation
model (Table 3). The SVM model achieved AUCs of 0.87, 0.80 and 0.95 for mild, moderate and severe DHI
subgroups identi�cation, respectively. The ROC curve is shown in Fig. 3.

4. Discussion
To the best of our knowledge, this is the �rst study to analyze the walking stability of BPPV patients in
clinical settings using wearable sensors. Results showed that patients with BPPV have signi�cantly
impaired walking stability even though a conservative gait was adopted. Furthermore, a SVM machine
learning model based on two signi�cant impaired walking stability variables automatically classi�ed the
handicapping effects of dizziness imposed by BPPV disease according to DHI scores, with average
accuracy of 0.87, 0.80, and 0.95 for mild, moderate, and severe subgroups, respectively.

In the current study, we found that BPPV patients exhibited signi�cantly lower walking speed, step length,
and cadence indicating their conservative gait during vertigo onset, which were consistent with previous
�ndings [8, 9]. The conservative gait might be the compensation to the ineffective sensory organization
and abnormal vestibulospinal output caused by impaired vestibular information and can be seen as a
compensatory strategy to enhance the dynamic stability during walking and thus avoid falls [26].

The walking stability analysis of BPPV patients showed that the RMSs in ML axis of both head and trunk
did not decrease signi�cantly with slower gait speed. Previous studies have reported that instability
during walking is primarily in the ML and decline in ML stability is a major risk factor of fall [27, 28]. The
RMSs of acceleration in ML axis is often employed as an index to evaluate the walking stability and
higher RMS is generally associated with higher postural disturbance and risk of falls [29, 30]. Thus, our
�ndings reveal that patients with BPPV were not able to attenuate the ML and AP axes acceleration in a
tolerable level to maintain a stable visual �eld and postural stability, which may explain the reason that
BPPV patients still have high fall risks despite employing this more conservative strategy.

In the presented study, the lower HRs at the lower trunk in the VT and ML axis were found in BPPV
patients while they walk at self-preferred speed. HRs has been used as a stability index to evaluate the
smoothness of gait and higher HRs are interpreted as greater walking smoothness [31, 20]. Previous



Page 10/18

studies have applied the HRs from trunk acceleration data to assess the stability of the trajectory of the
center of mass and investigated the balance control ability between older adults, individuals with
Parkinson’s disease, and individuals with sensory impairment [32–34]. Consistence with previous studies,
our �ndings suggest that the peripheral vestibular disorder in BPPV patients has affected their walking
smoothness and balance control.

We also identi�ed the alternation in the walking stability of BPPV patients from the perspective of gait
quality. The signi�cant lower step regularity, stride regularity and gait symmetry were found in BPPV
patients, suggesting that patients are less able to regulate the repeated walking pace and to control the
rhythmic displacements of the body during walking. Furthermore, we found signi�cant higher gait
variability in BPPV patients compared to healthy subjects, which was consistent with previous studies
that patients with vestibular failure had increased variability during slow walking [35]. Gait variability has
been investigated as a very important objective variable in differentiating patients with balance problems
and increased gait variability were found strongly associated with higher risk of fall [36]. Thus, our �nding
demonstrates that the gait and balance disturbances are the main symptoms of BPPV patients which
could be objectively assessed by sensor- based walking stability parameters.

DHI is a validated tool to evaluate the handicapping effects of dizziness in vestibular diseases. Previous
studies have found that BPPV in general was associated with relatively higher DHI scores, indicating that
BPPV patients are suffering from considerable dizziness handicap [37–39]. However, there was no
association between dizziness handicap and the intensity of positional nystagmus during BPPV
diagnostic maneuvers [39], and therefore there is still lack of an objective tool to diagnosis the
handicapping effects of BPPV disease. In this study, we found signi�cant walking stability impairments
shown by mediolateral HR at lower trunk and anteroposterior step regularity at head among mild,
moderate and severe of DHI subgroups, while temporospatial parameters were no signi�cant differences.
These results proved our hypothesis that the gait disturbances imposed by the dizziness/vertigo in BPPV
patients are mainly re�ected in the balance function even if they adopt a conservative gait. Since DHI is a
self-reported questionnaire to quantify the dizziness on a daily basis[37], we built a machining learning-
based model to classify different DHI subgroups with good performance, providing an objective method
for assessing and monitoring the handicapping effects of dizziness imposed by BPPV disease.

There were several limitations in this study. First, we only recruited the patients with posterior canal BPPV,
thus the results may not be applied to the BPPV patients with other types (i.e. horizontal canal). Second,
the subjects included in three DHI rating subgroups have a relatively small sample sizes, thus only two
walking stability variables were found signi�cant differences among the three severity level groups. Third,
we utilized SVM algorithm to classify the DHI rating groups of BPPV as a preliminary attempt to assess
the disease severity and progression. A future research direction would be to investigate the posterior and
lateral canal patients and to develop more e�cient algorithms to assist in the diagnosis of BPPV disease.

5. Conclusions
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The study found that BPPV patients have impaired walking stability even though a more conservative
gait is adopted. The wearable technology provides a promising way to assess the gait disturbances in
BPPV disease in the clinical settings. Using the impaired walking stability characteristics of BPPV
patients, a machining learning-based classi�cation model can be used to objectively assess the
handicapping effects of dizziness imposed by BPPV with promising performance. The study set the
stage for future development of wearable technology in tracking of gait and balance disorders, and could
serve to inform future interventions in BPPV disease.
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Figures

Figure 1

The accelerometers at the head and lower trunk were placed as the X-axis pointed to the right
representing the mediolateral (ML) axis, the Y-axis pointed forwards representing the anteroposterior (AP)
axis, and the Z-axis pointed to the upwards representing the vertical (VT) axis.
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Figure 2

Differences in step regularity, stride regularity, gait symmetry and gait variability (* p < 0.05; ** p < 0.01).
VT, ML, and AP refer to the vertical axis, mediolateral axis, and anteroposterior axis, respectively. Absolute
value is adopted.
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Figure 3

ROC and AUC for DHI subgroups classi�cation of BPPV disease. Class 0: mild stage, class 1: moderate
stage, class 2: severe stage.


