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Here, we aimed to compare the unstable gait caused by unilateral vestibular hypofunction (UVH) with the normal gait. Twelve
patients with UVH and twelve age-matched control subjects were enrolled in the study. Thirty-four markers were attached to
anatomical positions of each participant, and a three-dimensional (3D) motion analysis system was used to capture marker
coordinates as the participants walked on a treadmill. The mean standard deviation of the rotation angles was used to represent
gait variability. To explore gait stability, local dynamic stability was calculated from the trunk trajectory. The UVH group had
wider step width and greater variability of roll rotation at the hip than the control group (P < 0.05). Also, the UVH group had
lower local dynamic stability in the medial-lateral (ML) direction than the control group (P <0.05). By linear regression
analysis, we identified a linear relationship between the short-term Lyapunov exponent and vestibular functional asymmetry.
The result implies that UVH-induced asymmetry can increase posture variability and gait instability. This study demonstrates
the potential for using kinematic parameters to quantitatively evaluate the severity of vestibular functional asymmetry. Further

studies will be needed to explore the clinical effectiveness of such approaches.

1. Introduction

Gait stability requires a complex set of sensorimotor controls
[1, 2], including sensory inputs, integration of sensory inputs,
and motor outputs [3, 4]. Vestibular sensory inputs play an
important role in motion acceleration and body orientation
[5,6]. Yamamoto et al. found that participants walked towards
the stimulated side after ice water irrigation to the unilateral
external auditory canal and noted that the regulation of
dynamic head and trunk movement in the medial-lateral
(ML) direction was via the horizontal semicircular canals [7].
Besides that, galvanic vestibular stimulation (GVS) has also
been used to explore the contribution of the vestibular
system during locomotion. Trunk variability and trajectory
deviation increased with the onset of GVS [8, 9]. There-
fore, we can infer that unilateral vestibular hypofunction

(UVH) might affect motor output through the vestibulosp-
inal reflex (VSR) pathway and cause gait disorders.

Gait analysis provides useful information about the
physiological status of patients with gait disorders and has
been widely applied in the evaluation of osteoarthritis and
nervous diseases such as Parkinson’s disease [10-12]. Mills
et al. explored the relationship between joint angle asymme-
tries and the progression of knee osteoarthritis [10]. In
Parkinson’s disease, gait freezing was observed in patients
during turning walking [13]. Kinematic variability has been
widely used to reflect rhythmicity [10, 14-16]. Gait analysis
of patients with small vestibular schwannomas manifested
that phase-related variability was associated with the severity
of vestibular impairment [17]. To achieve gait stability, body
segments should be coordinated with each other to keep the
body moving forward smoothly [18].


https://doi.org/10.1155/2017/4820428

The short-term Lyapunov exponent, as a nonlinear-time
analysis indicator, has been used to quantify the local
dynamic stability of a gait pattern [19-22]. Local dynamic
stability of walking represents the sensitivity of gait to
infinitesimally small perturbations [23, 24] and has been
applied to represent fall risk in older people and patients with
diabetic neuropathy [19, 21]. Higher short-term Lyapunov
exponent indicates greater exponential divergence of gait
trajectories, resulting in higher fall risk [25].

However, few nonlinear measurements have been
applied to quantify the gait of patients with UVH, and the
relationship between the vestibular functional asymmetry
and gait disorders remains unclear. Here, we aimed to inves-
tigate the gait pattern of patients with UVH by analyses of
kinematics and local dynamic stability. Linear regression
analysis was used to investigate the relationship between
vestibular functional asymmetry and gait disorders.

2. Materials and Methods

2.1. Subjects. Twelve patients (4 females and 8 males, age:
58.0+£10.9 years) with UVH were recruited in the UVH
group as well as twelve healthy volunteers (3 females and
9 males, age: 58.8+12.9 years) in the control group,
matched according to age. The leg length of the UVH
group (0.92 £0.04 m) was matched with that of the control
group (0.91+0.07m) to eliminate the impact of body size
on gait parameters [26]. The experimental protocols were
approved by the Ethics Committee of the Sun Yat-sen
Memorial Hospital and all subjects provided with informed
consent. All the participants underwent vestibular function
tests at the Sun Yat-sen Memorial Hospital, and twelve
patients exhibited pure unilateral vestibular deficit. Unilat-
eral vestibular dysfunction was determined by the caloric
test, in which the canal paresis (CP) value reflects the degree
of asymmetry of bilateral vestibular function. CP value
greater than 20% was considered indicative of unilateral
vestibular dysfunction. The average asymmetry of bilateral
vestibular in the UVH group was 47.06% (ranging from
24.59% to 89.01%). None of the patients suffered from severe
vertigo (which might impact the gait pattern) during the
week before the test. Among these subjects, 7 patients
reported a falling tendency during locomotion. The UVH
patients showed clear cognitive status, normal visual status,
sound cardiopulmonary function, and no rheumatoid arthri-
tis or osteoporosis according to their past medical history.
The normal subjects showed clear cognitive status, normal
visual status, and no history of fall. The results of vestibular
function examination in the control group were negative.
Participant information is shown in Table 1.

2.2. Experimental Setup. Vestibular function was evaluated
by the Fitzgerald and Hallpike bithermal caloric test [27]. A
video-based system (Ulmer VNG, Version 1.4, Synapsys,
Marseille, France) was used to record the nystagmus after
each irrigation of 30° or 44 air to the unilateral side of the
external auditory canal. The maximum slow speed phase of
nystagmus was used to calculate the unilateral vestibular
canal paresis (CP) using Jongkees’ formula [28].
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TaBLE 1: Participant information.

Vestibular functional asymmetry

Number Sex Age Diagnosis Canal paresis (%)

(1) F 5  MD 34.47
2) F 66 TA 63.35
3) M 5  MD 25.1
(4) F 60 MD 26.95
5) M 61 SD 422
(6) M 62 SD 70.18
7 M 69 MD 4532
(8) F 6 MD 89.01
) M 65 MD 24.59
(10) M 5  MD 58.43
(11) M 5  MD 59.84
(12) M 29 MD 25.23

The description of information and clinical vestibular measures in the UVH
group. MD: Meniere’s disease; TA: tinnitus aurum; SD: sudden deafness.

In the experiments, a total of thirty-four retroreflective
9.5 mm markers were attached to the anatomic positions of
the subjects (Figure 1). The 3D coordinates of the marker
trajectories were recorded using a six-camera optical motion
capture system sampling at 120 Hz (OptiTrack, NaturalPoint
Inc., OR, USA, Flex 13). Subjects were instructed to walk on a
treadmill (2m x0.5m, BH Fitness, NSW, Australia) for at
least 50 strides. Each subject was tested at their preferred
walking speed (PWS) to eliminate the influence of speed on
gait stability [29]. The subjects were required to look forward
and stare at the white screen during treadmill walking.
Sufficient but not dazzling light environment should be
ensured to minimize the interindividual difference caused
by visual information. The subjects wore standard laboratory
shoes during the test. The participants were given sufficient
time to become comfortable with walking on the treadmill
before gait pattern data was collected. During the procedure,
the experimenter stopped the treadmill if the subject encoun-
tered any sort of difficulty.

2.3. Data Processing. The raw data of coordinates was low-
pass-filtered with a cut-off frequency of 2Hz by a zero-lag
Butterworth filter [20]. Kinematic parameters (e.g., stride
width and cadence) were defined by the position of the
markers located on the heel and big toe. A complete stride
was defined as the time between heel contact with the surface
and the subsequent contact on the same side. The range of
motion (ROM) was calculated from the difference between
the maximum and minimum joint angles. The standard devi-
ation (SD) between gait cycles was calculated for the trunk
and hip kinematics to reflect the dispersion degree of motion.

Nonlinear time series analysis was applied to quantify
the local dynamic stability of the gait pattern based on
state-space representation of each time series [29, 30].
The nonlinear time series of trajectories was collected
when the participants were walking continually on the tread-
mill. The marker attached to T1 was chosen to represent
the whole body, and the trajectories of the T1 marker in
anterior-posterior (AP), medial-lateral (ML), and vertical
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FI1GURE 1: Location of the 34 anatomic markers and defined direction of movements used in this study. The trunk segment was represented by
marker 6 (first thoracic vertebrae, T1), marker 7, and marker 8. The hip segment was represented by marker 19, marker 20 (anterior superior
iliac spine, ASIS), and marker 22. The positive x-axis is the direction of walking, the positive y-axis is the left direction, and the positive z-axis

is upward.

(VT) directions were taken as three one-dimensional ran-
dom time series. According to Takens’s theory [31], each
one-dimensional temporal-spatial series was reconstructed
to higher dimensional state space S(¢) using time-delayed
copies. A valid state space is any vector space containing
numerous independent coordinates.

S(t) = [x(t), x(t +T), o0 x(t + (n=1)7)]7, (1)

where x(t), the one-dimensional random time series, was
time-normalized using a shape-preserving spline interpola-
tion. The 50 contiguous strides were resampled to 10,000
data points by interpolation, and 7 was time delay chosen
as 50 sample copies [32, 33]. n represents the embedding
dimension, which was set as 5 according to a previous study
that had applied a global false nearest neighbor (GFNN)
analysis [20] to determine the minimum number of embed-
ding dimensions to fully unfold the one-dimensional data.
In the state space, the Euclidean distances between neighbor-
ing trajectories (di(t)) diverge at an exponential rate, which is
quantified by the Lyapunov exponent (A,), and the definition
of (A,) is shown as (2)

di(t) = DeM", (2)

where D is the initial separation displacement between trajec-
tories and di(f) represents the mean displacement between
neighboring trajectories in the reconstructed state space at
time t. According to a previously published algorithm [34],
for each point i in the state space, di(¢) was measured for each
pair of the nearest neighbors over 10 subsequent strides.
When t—o0o and D—0 at the same time, taking the
natural log of (2) results in (3):

In[d;(i)] = L, At. (3)

TaBLE 2: Kinematic characteristics (mean +SD) of the UVH and
control groups. Asterisks indicate a significant difference (P < 0.05)
between the two groups. Stride width was normalized to the hip
width of each subject.

UVH group  Control group P value

PWS (km/h) 1.91+£0.35 2.22+0.83 0.12
Normalized stride .
width (%) 0.79£0.05 0.74 +£0.06 0.03
Cadence (steps/min) 0.79+0.07 0.84+0.10 0.18
Range of knee 50.83+6.85  5227+7.33 0.63
motion (deg)

Range of ankle 17.57+2.54  21.47+5.64 0.04*

motion (deg)

A, is estimated from the slopes of linear fits for a period
of 0 to 1 stride (At); the higher A, implies the poorer local
dynamic stability of the gait pattern.

All the data values were presented as mean + SD. Signifi-
cant differences in joint angle, rotation angle, A, between the
UVH and control groups were determined by independent
samples t-test. Also, linear regression analysis was performed
to test the relationship between the gait parameters and CP
value. Differences were considered statistically significant
if P<0.05. The data was calculated from coordinates of
markers by MATLAB (version 2013a, The MathWorks
BV, Natick, USA). All statistical analyses were performed
using SPSS (version 22.0, SPSS Inc., Chicago, USA).

3. Results

Table 2 shows the differences between the UVH and control
group in PWS, stride width, cadence, and angular range of
joint motion. Significantly wider stride width was observed
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FIGURE 2: Mean SD of rotation angles in the hip (a) and trunk (b) segments. Asterisks indicate a significant difference (P < 0.05) between the

two groups.

in the UVH group than the control group (P < 0.05). The
ankle motion exhibited significantly less flexibility in the
UVH group than in the control group (P < 0.05). No other
differences were found between the two groups.

Higher gait variability was observed from the mean SD of
rotation angle in the UVH group than the control group,
especially on the coronal (side-to-side) plane of hip motion.
The roll rotation variability was significantly higher in the
UVH group than the control group (P < 0.05). No other sig-
nificant differences in rotation angle were detected (Figure 2).
The A of the UVH group was significantly higher than that
of the control group in the ML direction (P < 0.05). The A,
in the AP and VT directions was not significantly different
between the groups (Figure 3).

Linear regression analysis was used to estimate the
relationship between motor output parameters (mean SD of
rotation angles and A,) and CP. We identified significant lin-
ear trends between A, and CP in the AP direction (P < 0.05,
R=0.41) but not in the ML or VT directions. No other
significant linear relationships were found between mean
SD of rotation angles and CP (Figure 4).

4. Discussion

The vestibular apparatus can detect motion of the head and
generate a sensory input to the sensorimotor control, which
plays an important role in adjusting stride-to-stride limb
trajectories, thereby maintaining balance and smoothing
unintended irregularities during walking [19]. Here, kine-
matic variability and the local dynamic stability of walking
were used to quantify the impact of vestibular impairment
on the gait pattern. We found that UVH participants
expanded their stride width and reduced ankle joint motion
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FI1GURE 3: Mean A values in all three directions. Asterisks indicate a
significant difference (P < 0.05) between the two groups. Error bars
show the standard deviation of A,.

range to cope with the feelings of instability or dizziness.
Similarly, in visually and mechanically destabilizing environ-
ments, normal subjects exhibited shorter and wider steps as a
result of the interferential visual and proprioceptive input
[35]. Therefore, this kind of “cautious gait mode” may be a
coping strategy shared across various sensory input errors.
Elderly adults that adopt a “cautious gait mode” have higher
acceleration variability and fall risk [11, 21, 25]. Here, the
stride-to-stride variability of the roll rotation of the hip joint
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FIGURE 4: Linear regression analyses of gait parameters (mean SD and A,) and canal paresis (CP) value. The black triangles represent control
group participants, whereas the white triangles represent UVH group participants. The perpendicular reference line represents the CP
threshold value (20%), above which subjects are considered having unilateral vestibular dysfunction. The linear relationship between gait

parameters and CP value was significant when P < 0.05.

was also significantly higher in the UVH group than the
control group (Figure 2). The hip, as a connection joint
between the upper body and the lower limb, supports the
mass of the body and thus plays an important role in gait
performance. The vestibular system contributes important
information to regulate the motion in the ML direction,
and the unilateral vestibular hypofunction may be predomi-
nantly responsible for impaired stability in the coronal plane
[36, 37]. Thus, the roll rotation in the hip joint was sensitive
to the bilateral vestibular inputs and inevitably affected the
motion of the lower limb [7], which was consistent with the
finding in our study. Higher variability was associated with
more unstable gait in several studies, which indicates increas-
ing fall risk of gait in several studies [18, 38, 39]. However,
lower variability has also been associated with the unstable
gait with the impaired mobility, for example, in cases where
individuals are unable to make adequate adjustments in
response to changes in the environment. Maki reported
decreased step width variability in fall-prone subjects
[39]. Similarly, Bruijn et al. reported a lower variability
of trunk accelerations in the ML direction in frail elderly
subjects compared to healthy elderly subjects [24]. Fur-
thermore, Dingwell and Marin found the greater
variability of kinematics at both faster and slower walk-
ing speeds [29], whereas Kang and Dingwell proposed
that fall risk would increase with walking speed [22].
Taken together, the above-mentioned studies implied

that variability of kinematics might not directly associate
with fall risk.

Local dynamic stability has been used to assess fall risk
associated with unstable gait and reported as having excellent
validity [19, 29]. The local dynamic stability adopted here
quantifies how the neuromuscular system responds to local
perturbations (of either internal [e.g., neuromuscular] or
external [e.g., the wind, surface friction, or uneven surfaces]
sources) during gait [24]. During the long walking period,
the loss of gait stability is a gradual process that accumulates
small perturbations until eventually overcoming a normal
gait mode. Thus, local dynamic stability (i.e., A;) can be used
to characterize fall risk. In the ML direction, patients in this
study showed significantly poorer local dynamic stability of
walking than control participants (Figure 3); the patients
with UVH were more sensitive to the perturbations due to
sensory hypofunction. After the vestibular injury, vestibular
cues cannot be normally integrated with visual and somato-
sensory cues, producing errors in the processing of sensory
inputs in the central nervous system [6, 40]. Local dynamic
stability was different between the two studied groups in
the ML direction, but not in the AP or VT directions. This
finding is in line with the previous studies that lateral gait
stability was associated with asymmetry of bilateral sensory
inputs [7, 21]. However, Dingwell et al. [19] and Dingwell
and Cavanagh [41] found the opposite results in patients
with diabetic neuropathy. The slow progression of diabetic



neuropathy provides a long period for patients to develop
compensation mechanisms for a range of local perturbations,
whereas the acute nature of vestibular hypofunction can lead
to sudden neuromuscular control errors, with which the
patients are unable to cope. Similarly, the local dynamic
stability of normal subjects decreases when confronted with
sudden environmental or sensory perturbations [7, 8, 20].
Therefore, it seems reasonable that acute UVH patients
exhibit poorer local dynamic stability and thus have higher
fall risk.

We identified a significant correlation between CP and
A, in the AP direction but no such correlation in the ML
direction (despite patients having significantly poorer local
dynamic stability in the ML direction). This may be due to
the limited number of participants in this study. The
variability of rotation angle and A; showed the increasing
trends with increasing vestibular functional asymmetry
which reflect they can be applied clinically in the char-
acterization of gait disorders for UVH patients. The lim-
itation of this study is that gait on treadmill is not equal
to natural gait over ground. The influence of vestibular
impairment on gait patterns may not entirely exhibit
during treadmill walking. Besides that other sensory inputs
may still affect gait patterns, visual or somatosensory infor-
mation could conceal the effect of vestibular functional disor-
ders. The overground gait analysis of patients with visual
deprivation should be designed in the future to explore
the vestibular contribution without the effect of other
sensory information.

5. Conclusion

Here, we verified the linear relationship between vestibular
functional asymmetry and local dynamic stability. Variability
and local dynamic stability might be useful for assessing the
degree of vestibular functional asymmetry, and more subjects
should be involved in further studies to investigate the
relationship between vestibular functional asymmetry and
gait disorders.

Conflicts of Interest

The authors report no conflicts of interest.

Authors’ Contributions

Peng Liu and Qiuhong Huang designed the study and carried
out the experiments. Yongkang Ou, Ling Chen, and Rong
Song helped to carry out the experiment. Peng Liu and
Qiuhong Huang analyzed the data and interpreted the
results, and Peng Liu, Yiging Zheng, and Rong Song drafted
and revised the manuscript. All the authors approved the
final version of the manuscript. The authors alone are
responsible for the content and writing of the paper.

Acknowledgments

This study was financially supported by the National Science
& Technology Pillar Program during the 12th Five-Year Plan

Behavioural Neurology

Period of China (no. 2012BAI12B02), Technology Program
of Guangdong Province (no. 2014A020212097), National
Natural Science Foundation of China (no. 81400456),
Guangdong Science and Technology Planning Project
(Grant nos. 2014B090901056 and 2015B020214003), and
Guangzhou Research Collaborative Innovation Projects
(Grant no. 201604020108).

References

[1] R. Frost, J. Skidmore, M. Santello, and P. Artemiadis, “Senso-
rimotor control of gait: a novel approach for the study of the
interplay of visual and proprioceptive feedback,” Frontiers in
Human Neuroscience, vol. 9, p. 14, 2015.

[2] P. M. McAndrew, J. M. Wilken, and J. B. Dingwell, “Dynamic
stability of human walking in visually and mechanically desta-
bilizing environments,” Journal of Biomechanics, vol. 44, no. 4,
pp. 644-649, 2011.

[3] A. Shumway-Cook and M. H. Woollacott, Motor Control-
Translating Research into Clinical Practice, Lippincott
Williams & Wilkins, Pennsylvania, USA, 2006.

[4] G.M. Grace, P. T. Alpert, C. Cross, M. Louis, and S. Kowalski,
“Postural balance in young adults: the role of visual, vestibular
and somatosensory systems,” Journal of the American Acad-
emy of Nurse Practitioners, vol. 24, no. 6, pp. 375-381, 2012.

[5] T. Raphan, T. Imai, S. T. Moore, and B. Cohen, “Vestibular
compensation and orientation during locomotion,” Annals
of the new York Academy of Sciences, vol. 942, no. 1,
pp. 128-138, 2001.

[6] G. R. St and R. C. Fitzpatrick, “The sense of self-motion,
orientation and balance explored by vestibular stimulation,”
The Journal of Physiology, vol. 589, no. 4, Part 4, pp. 807-
813, 2011.

[7] K. Yamamoto, Y. Mamoto, T. Imai, E. Hirasaki, and T. Kubo,
“Effects of caloric vestibular stimulation on head and trunk
movements during walking,” Gait & Posture, vol. 15, no. 3,
pp. 274-281, 2002.

[8] K.S.van Schooten, L. H. Sloot, S. M. Bruijn et al., “Sensitivity
of trunk variability and stability measures to balance impair-
ments induced by galvanic vestibular stimulation during gait,”
Gait & Posture, vol. 33, no. 4, pp. 656-660, 2011.

[9] L.R. Bent, B.]. McFadyen, V. French Merkley, P. M. Kennedy,
and J. T. Inglis, “Magnitude effects of galvanic vestibular stim-
ulation on the trajectory of human gait,” Neuroscience Letters,
vol. 279, no. 3, pp. 157-160, 2000.

[10] K. Mills, B. A. Hettinga, M. B. Pohl, and R. Ferber, “Between-
limb kinematic asymmetry during gait in unilateral and
bilateral mild to moderate knee osteoarthritis,” Archives of
Physical Medicine and Rehabilitation, vol. 94, no. 11,
pp. 2241-2247, 2013.

[11] A. H. Snijders, B. P. van de Warrenburg, N. Giladi, and B. R.
Bloem, “Neurological gait disorders in elderly people: clinical
approach and classification,” Lancet Neurology, vol. 6, no. 1,
pp. 63-74, 2007.

[12] A.S.E.Baghdady, “Evaluation and management of gait disor-
ders,” Behavioural Neurology, vol. 11, no. 4, p. 265, 1999.

[13] M. Mancini, K. Smulders, R. G. Cohen, F. B. Horak, N. Giladi,
and J. G. Nutt, “The clinical significance of freezing while
turning in Parkinson’s disease,” Neuroscience, vol. 343,
pp. 222-228, 2017.



Behavioural Neurology

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

(25]

[26]

(27]

(28]

(29]

K. Jordan, J. H. Challis, and K. M. Newell, “Walking speed
influences on gait cycle variability,” Gait & Posture, vol. 26,
no. 1, pp. 128-134, 2007.

T. M. Owings and M. D. Grabiner, “Variability of step
kinematics in young and older adults,” Gait & Posture,
vol. 20, no. 1, pp. 26-29, 2004.

J. M. Hausdorff, D. A. Rios, and H. K. Edelberg, “Gait variabil-
ity and fall risk in community-living older adults: a 1-year
prospective study,” Archives of Physical Medicine and Rehabil-
itation, vol. 82, no. 8, pp. 1050-1056, 2001.

M. Yin, K. Ishikawa, E. Omi, T. Saito, Y. Itasaka, and N.
Angunsuri, “Small vestibular schwannomas can cause gait
instability,” Gait & Posture, vol. 34, no. 1, pp. 25-28, 2011.

J. Lang, K. Ishikawa, K. Hatakeyama et al., “3D body segment
oscillation and gait analysis for vestibular disorders,” Auris
Nasus Larynx, vol. 40, no. 1, pp. 18-24, 2013.

J. B. Dingwell, J. P. Cusumano, D. Sternad, and P. R. Cavanagh,
“Slower speeds in patients with diabetic neuropathy lead to
improved local dynamic stability of continuous overground
walking,” Journal of Biomechanics, vol. 33, no. 10, pp. 1269-
1277, 2000.

L. Hak, H. Houdijk, F. Steenbrink et al., “Speeding up or
slowing down?: gait adaptations to preserve gait stability in
response to balance perturbations,” Gait & Posture, vol. 36,
no. 2, pp. 260-264, 2012.

P. Terrier and F. Reynard, “Effect of age on the variability and
stability of gait: a cross-sectional treadmill study in healthy
individuals between 20 and 69 years of age,” Gait & Posture,
vol. 41, no. 1, pp. 170-174, 2015.

H. G. Kang and J. B. Dingwell, “Effects of walking speed,
strength and range of motion on gait stability in healthy older
adults,” Journal of Biomechanics, vol. 41, no. 14, pp. 2899-
2905, 2008.

J. B. Dingwell, J. P. Cusumano, P. R. Cavanagh, and D. Sternad,
“Local dynamic stability versus kinematic variability of contin-
uous overground and treadmill walking,” Journal of Biome-
chanical Engineering, vol. 123, no. 1, pp. 27-32, 2001.

S. M. Bruijn, O. G. Meijer, P. J. Beek, and J. H. van Dieen,
“Assessing the stability of human locomotion: a review of
current measures,” Journal of The Royal Society Interface,
vol. 10, no. 83, article 20120999, 2013.

M. J. Toebes, M. J. Hoozemans, R. Furrer, J. Dekker, and J. H.
van Dieen, “Local dynamic stability and variability of gait are
associated with fall history in elderly subjects,” Gait & Posture,
vol. 36, no. 3, pp. 527-531, 2012.

A. L. Hof, “Scaling gait data to body size,” Gait & Posture,
vol. 4, no. 3, pp. 222-223, 1996.

M. A. Sevilla-Garcia, M. S. Boleas-Aguirre, and N. Perez-
Fernandez, “The limits of stability in patients with Meniere’s
disease,” Acta Oto-Laryngologica, vol. 129, no. 3, pp. 281-
288, 2009.

T. D. Fife, R. J. Tusa, J. M. Furman et al., “Assessment:
vestibular testing techniques in adults and children: report of
the Therapeutics and Technology Assessment Subcommittee
of the American Academy of Neurology,” Neurology, vol. 55,
no. 10, pp. 1431-1441, 2000.

J. B. Dingwell and L. C. Marin, “Kinematic variability and local
dynamic stability of upper body motions when walking at
different speeds,” Journal of Biomechanics, vol. 39, no. 3,
pp. 444-452, 2006.

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

M. Plotnik, R. P. Bartsch, A. Zeev, N. Giladi, and J. M.
Hausdorff, “Effects of walking speed on asymmetry and bilat-
eral coordination of gait,” Gait & Posture, vol. 38, no. 4,
pp. 864-869, 2013.

F. Takens, “Detecting strange attractors in turbulence,” in
Lecture Notes in Mathematics, vol. 898, pp. 366-381, Springer
Verlag, Berlin, 1981.

L. Hak, H. Houdijk, P. J. Beek, and J. H. van Dieén, “Steps to
take to enhance gait stability: the effect of stride frequency,
stride length, and walking speed on local dynamic stability
and margins of stability,” PLoS One, vol. 8, no. 12, article
e82842, 2013.

K. S. van Schooten, S. M. Rispens, M. Pijnappels, A.
Daffertshofer, and J. H. van Dieen, “Assessing gait stability:
the influence of state space reconstruction on inter- and
intra-day reliability of local dynamic stability during over-
ground walking,” Journal of Biomechanics, vol. 46, no. 1,
pp. 137-141, 2012.

M. T. Rosenstein, J. J. Collins, and C. J. De Luca, “A practical
method for calculating largest Lyapunov exponents from small
data sets,” Physica D: Nonlinear Phenomena, vol. 65, no. 1-2,
pp. 117-134, 1993.

S. A. England and K. P. Granata, “The influence of gait speed
on local dynamic stability of walking,” Gait & Posture,
vol. 25, no. 2, pp. 172-178, 2007.

L. Borel, F. Harlay, J. Magnan, A. Chays, and M. Lacour,
“Deficits and recovery of head and trunk orientation and
stabilization after unilateral vestibular loss,” Brain, vol. 125,
no. 4, pp. 880-894, 2002.

C. E. Bauby and A. D. Kuo, “Active control of lateral balance in
human walking,” Journal of Biomechanics, vol. 33, no. 11,
pp. 1433-1440, 2000.

A. Weiss, T. Herman, N. Giladi, and J. M. Hausdorff,
“Objective assessment of fall risk in Parkinson’s disease using
a body-fixed sensor worn for 3 days,” PLoS One, vol. 9, no. 5,
article €96675, 2014.

B. E. Maki, “Gait changes in older adults: predictors of falls or
indicators of fear,” Journal of the American Geriatrics Society,
vol. 45, no. 3, pp- 313-320, 1997.

R. J. Peterka, “Sensorimotor integration in human postural
control,” Journal of Neurophysiology, vol. 88, no. 3, pp. 1097-
1118, 2002.

J. B. Dingwell and P. R. Cavanagh, “Increased variability of
continuous overground walking in neuropathic patients is
only indirectly related to sensory loss,” Gait & Posture,
vol. 14, no. 1, pp. 1-10, 2001.



	Characterizing Patients with Unilateral Vestibular Hypofunction Using Kinematic Variability and Local Dynamic Stability during Treadmill Walking
	1. Introduction
	2. Materials and Methods
	2.1. Subjects
	2.2. Experimental Setup
	2.3. Data Processing

	3. Results
	4. Discussion
	5. Conclusion
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

