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Abstract. [Purpose] The aim of current study was to investigate the effect of external cues using vibratory stimu-
lation on spatiotemporal gait parameters in patients with chronic stroke. [Subjects] Thirty patients, who had suf-
fered a stroke, were selected from general hospitals in Seoul, Republic of Korea. [Methods] Each participant was
subjected to six walking trials: three trials with vibratory stimulation of the tibialis anterior muscle and three trials
without any stimulation. The spatiotemporal gait parameters were measured with a GAITRite system. [Results] The
global gait parameters—velocity and cadence—were significantly more increased, and the temporal parameters—
step time, stride time, and double limb support—were significantly more decreased with vibratory stimulation
of the tibialis anterior muscle than with no stimulation. While single limb support was increased under vibratory
stimulation, the difference was not significant between the two groups. The spatial gait parameter—stride length—
showed a significant improvement; however, there was no significant enhancement in gait symmetry with regard to
step length and step time [Conclusion] These results indicate that the application of external cues using vibratory
stimulation during gait may control gait parameters and improve gait performance. Thus, this intervention could be

used for gait rehabilitation in chronic stroke patients.
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INTRODUCTION

After a stroke, gait is an important determinant of
functional ability in the activities of daily living and for an
independent life". In general, stroke patients continue to
have walking difficulties, including reductions in their gait
velocity and endurance caused by the weakness of muscles
and deterioration of voluntary control function?. Weakness
of muscles involved in dorsiflexion or lack of voluntary
control causes foot drop because of the lack of sufficient
dorsiflexion in the swing phase?).

Therapeutic approaches used in clinical settings to im-
prove foot drop in stroke patients include the application of
ankle-foot orthoses (AFO) and functional electrical stimu-
lation*). These arbitration methods are used to correct foot
drop and improve the functional outcome of rehabilitation
in stroke patients. However, because stroke patients do not
actively use hemiplegic feet, muscular control of contraction
is challenging® 3.

Various types of external cues provide information to
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control gait parameters such as step frequency or step ampli-
tude®. Several studies have assessed the use of auditory and
visual external cues to improve gait and overcome functional
limitations due to specific damage in stroke patients. Acous-
tic signals control temporal gait parameters such as cadence
by providing external rhythms to compensate for deficient
internal signals from the basal ganglia, whereas visual sig-
nals control spatial gait parameters such as step and stride
lengths”). In patients with chronic stroke, the application of
external signals such as rhythmic auditory stimulation has
resulted in improved spatiotemporal gait parameters through
anticipatory postural control and sequential activation of
muscle contraction®). Therefore, controlled application of
acoustic and visual signals is effective in improving gait pa-
rameters. However, these signals cannot be applied without
the help of an assistant; moreover, it is difficult to use these
two signals for gait training in the presence of small noises
or dark lighting?.

To overcome these problems, Van et al.”) suggested the
application of somesthetic signals using vibration machines,
which have a significant effect on gait parameters, as a prac-
tical alternative stimulus to acoustic and visual signals for
improvement of gait in patients with Parkinson’s disease. In
several studies, vibratory stimulation was used to improve
postural stability, improve muscular strength by provid-
ing information for proprioceptive sensibility, and reduce
spasticity by somesthetic stimulation'® 'V, In patients with
Parkinson’s disease, application of external signals such as
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vibratory stimulation has resulted in improved spatiotempo-
ral gait'?.

However, in most of the studies involving stroke patients,
vibratory stimulation was physiologically applied through
activation of muscle spindles and primary afferent fibers,
and external cues were applied using visual and auditory
stimuli. In the current study, we examined the effect of ap-
plying external cues using vibratory stimulation during the
gait cycle on spatiotemporal gait parameters in chronic
stroke patients with deteriorated gait ability due to foot drop.

SUBJECTS AND METHODS

For the present study, we recruited a total of thirty outpa-
tients and inpatients (18 men and 12 women) with chronic
stroke. Nineteen patients had left hemiplegia, and eleven had
right hemiplegia. The average age of the participants was 58;
average height of the participants was 164.4 cm, and average
weight of the participants was 65.5 kg. The average duration
of disease was 17 months, and the average Korean mini-
mental state examination (K-MMSE) score of the partici-
pants was 28 points (Table 1). The inclusion criteria of the
study were as follows: 6 months since the diagnosis of stroke,
K-MMSE > 24 points, ability to walk for a minimum of 10
m, no problem in gait by contracture of the foot and ankle,
and no musculoskeletal disease. Patients with gait problems
due to orthopedic surgery or disability of the limbs and those
with vestibular organ or cerebellum-related diseases were
excluded. The study was conducted after obtaining approval
from the ethics committee of Sahmyook University, and all
participants provided written informed consent.

For the analyses of spatiotemporal gait parameters in
stroke patients, we used foot switches and vibration ma-
chines to provide a vibratory stimulus. A gait analysis system
(GAITRite, CIR Systems, Inc., Sparta, NJ, USA) was used
to measure the spatial and temporal parameters of gait'?).

Based on the verbal signals of an inspector, participants
completed 6 walking trials at their most comfortable gait ve-
locity on the GAITRite walkway under two conditions: with
vibratory stimulation and without vibratory stimulation.
First, the vibration machines were attached to the center of
the tibialis anterior muscle on the affected side of the pa-
tients, and then foot switches were attached to the heels on
their unaffected sides. Vibratory simulation was applied to
the tibialis anterior muscle of the affected side starting from
the initial contact phase at the beginning of stance when the
heel just touched the ground. A 5-minute break was given to
the participants after three walking trials. Gait with vibra-
tory stimulation applied to the tibialis anterior muscle and
general gait (without stimulation) were randomly measured
three times, and the mean values were used for analyses.

The GAITRite walkway was used to measure spatial and
temporal gait parameters. The inter-rater reliability of the
GAITRite is r = 0.90, and the inter-rater correlation coef-
ficient (ICC = 0.99) is more than r = 0.96. The gait analysis
system has 16,128 sensors, which are vertically arranged in
the walking plate at intervals of 1.27 cm. The active area is
61 cm wide and 427 cm long. Using this system, the follow-
ing measures were analyzed: the gait velocity and cadence;

Table 1. Common characteristics of the participants

Values (N=30)

Characteristics

Mean SD
Gender (male/female) 18 (60.0%)/12 (40.0%)
Age (yrs) 58.0 10.0
Height (cm) 164.4 7.7
Weight (kg) 65.5 8.1
Paretic side (left/right) 19 (63.3%)/11 (26.7%)
Poststroke duration (month) 17.0 9.6

Mini-mental state examination 28.0 2.5

temporal gait parameters, including stride time, step time,
single support percentage of cycle, and double support per-
centage of cycle; and spatial gait parameters, including step
and stride lengths.

The gait symmetry ratio was used to examine the sym-
metry of spatiotemporal gait of stroke patients according to
the study of Patterson'®.

paretic side(parameter value)

Symmetry ratio =|

nonparetic side(parameter value)

The absolute values were used to calculate the gait
symmetry ratio. Values of this ratio closer to 1 indicate
greater increases in gait symmetry, and values farther from
1 indicate decreased gait symmetry. If the symmetry ratio is
higher, the values of the affected side are higher than those
of the unaffected side. Conversely, if the symmetry ratio is
lower, the values of the affected side are lower than those of
the unaffected side.

All statistical analyses were performed using SPSS Ver.
18.0. Normality of the study population was examined by
the Shapiro-Wilk test. The independent t-test was performed
to examine the homogeneity of the participants. The paired
t-test was carried out to examine changes in spatiotemporal
gait parameters between general gait and vibration-stimulat-
ed gait. A significance level of p = 0.05 was used.

RESULTS

The spatiotemporal parameters of gait after the ap-
plication of vibratory stimulation were compared with
those of general gait (Table 2). The gait velocity under
vibratory stimulation of the tibialis anterior muscle (50.22
+ 17.42 cm/s) was significantly higher than that of general
gait (46.59 £ 15.09 cm/s; p < 0.05). Similarly, the gait ca-
dence under vibratory stimulation of the tibialis anterior
(79.26 £ 15.76 step/min) was significantly higher than that
of general gait (76.32 £ 13.13 step/min; p < 0.05). Under
vibratory stimulation, the step time of the unaffected and
affected sides significantly decreased (from 0.75 s to 0.03 s
and from 0.89 s to 0.87 s, respectively; p < 0.05). The stride
time of gait significantly decreased from 1.37 s to 0.77 s (p
< 0.05). Compared with general gait, the single lower limb
support rate of the unaffected and affected sides under vibra-
tory stimulation increased from 32.23 to 36.52% and from
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Table 2. Spatiotemporal parameters of gait under the two conditions (N=30)

VS gait Non-VS gait
Parameters
Mean SD Mean SD
Gait velocity (cm/s) 50.22% 17.42 46.59 15.09
Cadence (step/min) 79.26% 15.78 76.32 13.12
Step time
Affected side 0.87* 0.24 0.89 0.22
Less affected side 0.72* 0.19 0.75 0.17
Stride time 0.65* 0.28 1.37 0.51
Single lower limb support rate (%GC)
Affected side 27.93 7.58 27.32 7.58
Less affected side 36.52%* 5.44 35.32 513
Double limb support rate (%GC) 36.80* 7.04 38.50 7.23
Step length (cm)
Affected side 38.42% 8.66 36.78 7.76
Less affected side 35.63 8.05 34.76 7.42
Stride length (cm) 69.11* 24.18 66.78 22.65
Gait symmetry
Temporal gait symmetry
Symmetry ratio 1.21 0.18 1.20 0.19
Gait asymmetry 18.90 13.78 17.70 14.21
Spatial gait symmetry
Symmetry ratio 1.10 0.02 1.08 0.19
Gait asymmetry 15.14 12.12 13.43 15.81

VS gait: gait with vibratory stimulation applied to the tibialis anterior muscle of the affected side; Non-

VS gait: gait without vibratory stimulation

*Significantly different compared with the Non-VS gait condition (p < 0.05)

27.32 to 27.93%, respectively, but no significant difference
was observed in the latter case. Compared with general gait,
the double limb support rate under vibratory stimulation was
significantly decreased from 38.5 to 36.8% (p < 0.05).

The step lengths of the affected and unaffected sides un-
der vibratory stimulation of the tibialis anterior muscle were
38.42 cm and 35.63 cm, respectively; that is, the step lengths
were 0.87 cm and 1.63 cm higher than those of the affected
and unaffected sides in general gait. However, these differ-
ences were not statistically significant. The stride length
under vibratory stimulation (69.11 cm) was significantly
higher than that in general gait (66.78 cm; p < 0.05).

Furthermore, the changes in gait symmetry were as fol-
lows: First, with regard to temporal gait symmetry, there
were no significant differences between the gait symmetry
ratios under vibratory stimulation (1.21 £ 0.18) and general
gait (1.20 £ 0.19). Moreover, no significant differences were
found in the gait asymmetry ratios under vibratory stimula-
tion (18.90 + 23.78) and general gait (17.70 + 13.78). Next,
with regard to spatial gait symmetry, no significant differ-
ence was found in the symmetry of step lengths between gait
under vibratory stimulation (1.10 £ 0.20) and general gait
(1.08 £ 0.19). Moreover, there was no significant difference
in the asymmetry of step lengths between gait under vibra-
tory stimulation (15.14 £ 12.12) and general gait (13.43 £
15.81).

DISCUSSION

In this study, to increase the gait velocity and endurance
of stroke patients who had reduced gait abilities, we used a
gait analysis system to examine the effect of external cues
applied using vibratory stimulation on the spatiotemporal
parameters of gait.

The results of this study showed that gait velocity and
cadence were more significantly improved under vibratory
stimulation of the tibialis anterior muscle than under general
gait conditions (p < 0.05). This result is in accordance with
those of previous studies, which reported that gait perfor-
mance was improved under vibratory stimulation of the
tibialis anterior muscle in stroke patients with deteriorated
gait ability due to foot drop™ 1.

Most stroke patients show asymmetrical gait patterns due
to reduction in cadence and low gait velocity'®), and weak-
ness of the hemiplegic plantar flexors in the push-off stage
of gait is considered the most important factor!”). But the im-
portance of strengthening the ankle dorsiflexors has recently
been highlighted for improvement of gait velocity'®). Laufer
et al. argued that muscular strength of the plantar flexors of
the ankle on the affected side has an effect on gait veloc-
ity!?. Therefore, induction of voluntary contraction of the
ankle plantar flexors using external cues involving vibratory
stimulation of the tibialis anterior muscle during gait cycle
is thought to decrease the duration of the swing phase and
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increase gait velocity.

In this study, the step time of the unaffected and affected
sides decreased significantly under vibratory stimulation of
the tibialis anterior muscle (p < 0.05). The stride time was
also significantly decreased (p < 0.05). The single lower
limb support rate of the unaffected sides showed significant
improvement (p < 0.05), while no significant difference
was found in the single lower limb support rate of the af-
fected sides. The double limb support rate was significantly
decreased (p < 0.05).

Patterson et al. reported that an increase in cadence im-
plied a decrease in step time of the two sides, and a decreased
lower limb support rate can be regarded as a surrogate marker
of improved balance control'®). Maki et al. argued that an
increase in double support percentage of cycle is related to
the fear of falling while walking??). Based on these studies,
it is believed that the increased cadence and gait velocity
indicated a decreased step time for the two sides and that the
decrease in double limb support rate implied an improve-
ment in continuity and balance of gait in the stroke patients.
The step lengths of the unaffected sides under vibratory
stimulation of the tibialis anterior muscle increased, but no
significant difference was noted; however, the step lengths
of the affected sides were found to increase significantly. In
addition, the stride lengths under vibratory stimulation of
the tibialis anterior muscle were significantly increased (p
< 0.05). These results concur with those of previous cross-
sectional studies that examined the gait characteristics of
stroke patients?!22),

Patterson et al. reported that the increase in stride lengths
is due to the increase in step lengths of the two sides, and
Balasubramanian et al. reported that the changes in the af-
fected legs resulted in improved gait ability due to increased
step lengths of the unaffected sides!* 2%). Therefore, it is con-
sidered that application of vibratory stimulation during gait
cycles increases the range of motion by inducing voluntary
contraction of the ankle plantar flexors and that increases in
step length of the affected side will cause a greater improve-
ment in gait impulse to the front. In this study, no significant
difference in spatial and temporal gait symmetry was found.
It is possible that vibratory stimulation did not have an im-
mediate significant effect on gait symmetry but may produce
a significant effect over a longer period. Previous studies
that showed a significant effect of external signals were
conducted for a longer duration. In this study, the external
cues with vibratory stimulation significantly improved gait
parameters, including gait velocity and cadence, but did not
have any effect on gait symmetry.

Kottink et al. argued that application of repetitive stimu-
lation to muscles during the gait cycle for an extended period
may promote functional recovery due to reinforcement of
feedback to the brain. Therefore, vibratory stimulation is
more effective in improving motor skill recovery?. Previ-
ous studies have reported that passive and active movements
strengthen the activity of the primary motor? 29, Using
functional magnetic resonance imaging (fMRI), Lotze et al.
showed that the activity of the primary motor cortex is more
significantly increased after active training compared with
passive activity?”). In stroke patients, deterioration of gait

ability is primarily caused by a lack of voluntary control of
muscle contraction, thereby resulting in the loss of ability to
control the timing and intensity of muscular activity!. Selec-
tive muscular control, however, can be induced by external
cues, such as vibratory stimulation, which cause active
muscular contraction. An external cue provided at the proper
time could improve the preparation procedures, which could
lead to a more normal movement. Each different type of cue
results in activation of a different strategy of motor control.
The sensory cues allow the dorsolateral premotor control
system (voluntary) to detouring the supplementary motor
area’s deficit (automatic movement), and external cues en-
able the premotor cortex to remain intact, rather than the
basal ganglia/supplementary motor area circuit’> 12

Vibratory stimulation partially shows the importance
of using motor control systems and providing information
for proprioceptive sensibility. Ivanenko et al. reported that
walking to an external rhythm increases physical cognitive
power of the affected side and improves voluntary control
of legs in various situations®®. Accordingly, in previous
studies, gait velocity was improved in patients who received
active gait training with vibratory stimulation of the plantar
flexors on the affected sides> ). The mechanism underlying
the effects of vibratory stimulation involves an increase in
muscle spindle activity?®), increase in cortical excitability
of the vibrating muscle, and simultaneous reduction of the
activity of the antagonists through reciprocal inhibition and
upper spinal inhibition3?.

Overall, this study showed that vibratory stimulation
of the tibialis anterior muscle during the gait cycle affects
general gait parameters such as gait velocity and cadence as
well as spatiotemporal gait parameters. Therefore, external
cues with vibratory stimulation can prevent foot drop in the
swing phase of the gait cycle by contributing to improved
control of ankle plantar flexors and can improve gait ability
by ensuring the safety of the limbs during the initial con-
tact phase of the gait cycle. Therefore, this technique can
be utilized as part of an intensive gait training program to
qualitatively improve gait by enhancing voluntary control of
the plantar flexors.

Since this cross-sectional study examined only the tem-
porary effects of vibratory stimulation applied to the tibialis
anterior muscle on the spatiotemporal gait parameters of
chronic stroke patients, further studies are warranted to ex-
amine the carryover effects of long-term gait training using
the same external cues; in addition, it is necessary to assess
whether these effects will be retained for a long period. Fur-
thermore, in the future, further studies must be conducted to
analyze treatment effects in terms of biomechanical param-
eters, and electromyography studies should be performed to
examine muscle activity of the tibialis anterior muscle and
changes in the start time of muscle contraction in chronic
stroke patients under vibratory stimulation conditions.

Taken together, our study showed that the application
of vibratory stimulation to the tibialis anterior muscle of
chronic stroke patients significantly increased general gait
parameters such as gait velocity and cadence and signifi-
cantly decreased step time, stride time, and the lower limb
support rate. The spatial gait parameter, stride length, was



significantly improved. Therefore, application of external
cues with vibratory stimulation of the tibialis anterior muscle
during the gait cycle can be utilized as an effective method
for gait rehabilitation in chronic stroke patients; that is, it can
be used to promote functional activity by controlling gait
parameters and improving gait ability.
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