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ABSTRACT

Whole-body vibration exercise (WBVe) can provide proper somatosensory stimulation and
improve muscle strength in stroke patients. This study investigated the effects of WBVe on
gait function and cortical activity in patients with chronic stroke. Thirty stroke patients were
randomly assigned to either the WBVe or the control group. The WBVe group received the
vibration in a half-squat position for 5 minutes at an intensity of 20 Hz. The control group
kept the same posture but did not receive the vibration. Cortical activity was investigated
using functional near-infrared spectroscopy (fNIRS). Gait function was assessed by a 10-m
walk test (I0OMWT), a timed up and go (TUG) test, a Fugl-Meyer Assessment, and a Tinetti
Performance-Oriented Mobility Assessment (TPOMA). In group analysis of the fNIRS

data, oxygenated hemoglobin concentration was significantly increased in the ipsilesional
supplementary motor area, bilateral sensorimotor cortex, and contralesional prefrontal
cortex in the WBVe group compared to the control group (p < 0.05). Functional assessment
demonstrated a significant interaction between time and group for the IOMWT and

TUG test, suggesting that the WBVe group demonstrated meaningful improvement after
intervention (p < 0.05). These results suggested that WBVe modulated the cerebral cortical
activities and resulted in improvement of gait function in chronic stroke patients.

Trial Registration: ClinicalTrials.gov Identifier: NCT03375346

Keywords: Vibration; Near-infrared spectroscopy; Cortical excitability; Stroke; Gait

INTRODUCTION

Stroke is one of the leading causes of adult disability [1]. Stroke rehabilitation is a process
through which patients with disabilities as a result of stroke manage to resume activities of
daily living and reestablish their normal lifestyle through a learning process [2]. For patients
with chronic stroke, the following rehabilitation approaches have been recommended
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to improve mobility: muscle strengthening exercises, aerobic exercise, balance training,
constraint-induced movement therapy, and noninvasive brain stimulation [3].

Whole-body vibration exercise (WBVe) has been suggested as a way to improve muscle
function, muscle strength, and gait function in patients with stroke [4]. WBVe is a stimulus
that uses vibrations generated on a machine, with oscillatory movement determined by the
amplitude and frequency of the vibration [5]. WBVe also includes standing or performing
movements on a vibration platform placed on a static surface. A recent systematic review and
randomized controlled study revealed that WBVe was efficient in improvement of lower limb
strength, ankle spasticity, balance, postural control, and mobility in stroke patients [6,7].
Other reports also suggested that WBVe induced changes in the corticospinal excitability
and cortical activity in stroke patients [8,9]. Evidence from neuroimaging studies revealed
the existence of cortical involvement in standing, walking, and balancing by using functional
neuroimaging modalities such as functional magnetic resonance imaging, single-photon
emission computed tomography, and positron emission tomography which led to the
identification of supraspinal locomotor networks [10-12].

In addition, functional near-infrared spectroscopy (fNIRS) is a unique, noninvasive
functional neuroimaging tool that offers several potential advantages, including less onerous
constraints during measurement, a relatively small and portable structure, and a high degree
of safety and noninvasiveness [13]. Because of these advantages, fNIRS can be utilized as

a monitoring tool in the underpinnings of dynamic motor tasks such as posture and gait
control in neurorehabilitation. Miyai et al. [14] reported gait-related cortical activation while
walking on a treadmill, which showed symmetrical activation in the medial sensorimotor
cortex (SMC) and supplementary motor area (SMA). Also, a longitudinal study using fNIRS
revealed that the motor-related cortex activation in the affected hemisphere of patients with
stroke increased with functional recovery [15]. Recent studies have reported significant
changes in cortical activation during active ankle movements after WBVe intervention in
stroke patients [8]. Even though WBVe is positive for cortical activation, there has been no
report of changes in cortical activation during real-time WBVe in stroke patients. With this
knowledge, WBVe can be utilized as an adjunctive therapeutic tool for neurorehabilitation of
stroke patients.

Thus, the aim of the present study was to investigate the modulating effects of short-term
WBVe on cortical activity and gait function in patients with chronic hemiplegic stroke.

MATERIALS AND METHODS

Participants

The study was designed with a randomized controlled trial in patients with chronic stroke
over 6 months after onset. Patients were enrolled in this study with the following inclusion
criteria: 1) patients who suffered from their first-ever stroke for more than six months after
stroke onset, and 2) unilateral hemiplegia or hemiparesis with the ability to walk at least 10
m without assistive devices. Patients were excluded if they were aged younger than 19 years or
older than 80 years or could not perform a half-squat on a vibration platform due to problems
such as visual field defects pain, balance deficit, or a risk of falling due to dizziness. Pregnant
women were also not allowed to participate in the present study. In total, 30 participants
were included in our investigation. All participants gave informed consent after receiving
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both verbal and written information about the study and its possible risks. The study was
approved by the Institutional Review Board of Samsung Medical Center according to the
Declaration of Helsinki (IRB no. 2015-07-092). This study was registered at ClinicalTrials.gov
(NCT03375346).

Experimental protocol and procedure

Out of 30 participants, 15 were randomly assigned to the WBVe group receiving a single
session of WBVe via a vibrating platform (Galileo® Med S; Novotec Medical, Pforzheim,
Germany) with a vibration frequency of 20 Hz and amplitude of 4 mm while keeping a half-
squat position on the platform. We used rotational vibration to follow the report of Zaidell
et al. [16], which suggested that rotational vibration may be a safe platform to minimized
head vibration and more suitable for subjects who cannot keep balance in the squatting
position. The control group participated in the same session with the same posture without
the application of vibration. The evaluator was blinded as to which group each subject
belonged. After the pre-session functional assessment, all participants performed an
experimental or control session with simultaneous fNIRS measurement (Fig. 1). Following
an initial 10-second preparation period, participants remained standing on the tilt table over
the stationary platform during the next 5 minutes, and baseline fNIRS activity was recorded.
Participants were then instructed to maintain a half-squat position (knee joint angle at 160
deg) with an incline of 60 deg [17]. After a 3-minute half-squat position period, WBVe was
delivered for 5 minutes. The fNIRS was measured until one additional minute after the end of
WBVe while each subject maintained the same position (i.e., half-squat).

Outcome assessments

The primary outcome measure of this study was cerebral cortical activity based on changes
in oxygenated hemoglobin (oxyHb) concentration during WBVe, acquired by fNIRS.
Secondary outcome measures were functional assessment data obtained before and after
the intervention using the 10-m walk test (IOMWT) [18], a timed up and go (TUG) test
[19], a Fugl-Meyer Assessment (FMA) [20], and a Tinetti Performance-Oriented Mobility
Assessment (TPOMA) [21].

The fNIRS

In the present study, we used the NIRScout® system (NIRx Medical Technology, Berlin,
Germany), which is a multi-modal compatible fNIRS platform. This system consisted of
8 sources and 16 detectors which covered the cortical areas of the sensorimotor cortex,
premotor cortex (PMC), supplementary motor area, and prefrontal cortex (PFC) using
31 channels of interest. The NIRScout® used two different wavelengths, 760 nm and 850

Standing position X Half-squat position
|€

After
stimulation
termination

Start and maintain Whole-body vibration or
squat position control stimulation on

Total fNIRS acquisition time = 14 min

Fig. 1. Experimental protocol. Experimental design for the WBVe study.
WBVe, whole-body vibration exercise; fNIRS, functional near-infrared spectroscopy.
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Fig. 2. Arrangement of the fNIRS measurement channels and cortical activation patterns during WBVe. (A) Arrangement of the 31 fNIRS measurement channels
across the brain. (B) Results of group SPM analysis for fNIRS data: t-contrast map of oxygenated hemoglobin concentration compared to starting baseline are
presented in the WBVe group (n = 15) and the control group (n = 14) over time (p < 0.05).

fNIRS, functional near-infrared spectroscopy; WBVe, whole-body vibration exercise; SPM, statistical parametric mapping; SMC, sensorimotor cortex; PMC,
premotor cortex; PFC, prefrontal cortex; LPA, left pre-auricular points; RPA, right pre-auricular points; Nz, the nasion; Iz, the inion; AH, affected hemisphere;

UH, unaffected hemisphere.
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nm, with the sampling rate set to 7.81 Hz. The optodes were positioned according to the
international 10/10 system and the channel distance (i.e., the distance between the source
and detector) was 3.0 cm (Fig. 2A).

Changes in oxyHb concentration were recorded using the nirsLAB™ software (v. 2016.05;
NIRx Medical Technologies, LLC, Minneapolis, MN, USA). To investigate cortical activity
according to the brain lesion side of stroke patients, a flip from the right to left was
performed in the data preprocessing stage in cases of a right-side brain lesion. Thus, the
lesions of all included stroke patients were set on the left.

Discontinuities and spike artifacts of signals obtained from the 31 channels were removed
and replaced by the nearest signals. The raw data were first low-pass filtered at 0.1 Hz to
remove baseline noise [22] and to eliminate possible respiration and heart rate signals

[23]. Although oxyHb and deoxyhemoglobin (deoxyHb) signals were obtained, only oxyHb
concentration was used for analysis due to its superior signal-to-noise ratio relative to
deoxyHb [24]. The oxyHb concentration was calculated from preprocessed filtered data using
a modified Beer-Lambert law for each of the 31 channels [25]. The oxyHb mean value of each
channel of each subject was calculated over 540 seconds after baseline measurement.

Statistical analysis

Functional assessment data was analyzed using SPSS v. 20.0 (IBM Corp., Armonk, NY, USA).
To assess normality in the analyzed parameters, the Shapiro-Wilk test was used. Fisher's
exact test was used in the categorical variables, and the continuous variables were tested with
an independent t-test when they were parametric, and the Mann-Whitney U test when they
were nonparametric. The effect of WBVe was evaluated with a repeated measures analysis of
variance with time and condition (WBVe or control) as independent variables. The statistical
significance level was set at 0.05.

https://doi.org/10.12786/bn.2020.13.€12 4/10
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This study examined the oxyHb difference between the WBVe group and the control group
during the intervention periods. The fNIRS measurement data analysis was performed using
the statistical parametric mapping [26] package of the nirsLAB™ software for significant
cortical activation during stimulation. An uncorrected threshold of p = 0.05 was used to
display the region. The within-subject analysis was used to identify changes in each cortical
signal of the participants. Following the completion of the within-subject analysis, the
between-subject analysis was performed to confirm the difference in signal changes before
and during the intervention in each group. The t-statistic maps computed for group analysis
were plotted onto a conventional brain template. The SMC area related to balance and
mobility was selected as the region of interest (ROI). For comparison of the activities of the
SMC between the groups, the mean values of the oxyHb were obtained from the averages of
the ROI channels. Paired t-test was performed to compare the values between the baseline
period and the stimulation period point, and unpaired t-test was performed to compare

the values between groups at a defined time-point in the stimulation period. The statistical
significance level was set at 0.05.

RESULTS

One patient who complained of fatigue during the experiment period dropped out of

the control group. Therefore, 29 patients with chronic stroke (15 in the WBVe group and

14 in the control group) completed this study. There were no significant differences in
general characteristics or motor function at baseline between the 2 groups (Table 1). No
serious adverse effect other than fatigue in one participant was reported during or after the
experimental session.

Table 1. Demographic and clinical characteristics of the participants

Group WBVe group (n =15) Control group (n =14) p value
Age (yr) 58.73 £ 9.09 53.42 +9.55 0.245"
Gender 15 14 1.000*
Men 12 (80.0) 11 (78.6)
Women 3(20.0) 3(21.4)
Side of stroke lesion 15 14 0.427*
Left hemisphere 9 (60.0) 11(78.6)
Right hemisphere 6 (40.0) 3(21.4)
Type of stroke 15 14 1.000*
Infarction 10 (66.7) 10 (71.4)
Hemorrhage 5(33.3) 4 (28.6)
T0MWT (sec) 13.07 + 6.13 9.07 +4.26 0.057¢
TUG test (sec) 17.03 £ 8.89 11.34 £ 5.83 0.051*
FMA
FMA total 76.36 = 28.39 80.29 +24.30 0.769*
FMA upper extremity 48.921 + 23.37 51.93 £15.42 1.000%
FMA lower extremity 28.14 + 7.39 28.36 = 9.23 0.667*
TPOMA
Total score 19.50 + 5.29 19.46 + 5.21 0.981*
Gait score 9.00 +2.22 8.77 £2.20 0.830*
Balance score 10.50 + 3.35 10.69 + 3.15 0.981*

Values are expressed as number (%) or mean + standard deviation.

WBVe, whole-body vibration exercise; 10MWT, 10-m walk test; TUG, timed up and go; FMA, Fugl-Meyer
Assessment; TPOMA, Tinetti Performance-Oriented Mobility Assessment.

*The p values for categorical variables are based on an independent t-test; *Fisher's exact test; *Mann-Whitney U test.

https://doi.org/10.12786/bn.2020.13.€12 5/10
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Table 2. Changes in gait function and balance after intervention

Group WBVe group (n =15) Control group (n =14) p value
Before After Before After
T0MWT (sec) 13.07 + 6.13 11.65 + 5.09 9.07 + 4.6 9.07 + 4.01 0.006"
TUG test (sec) 17.03 + 8.89 14.21 + 6.59 11.34 £ 5.83 10.58 + 5.12 0.01"
FMA total 76.36 + 28.39 76.50 + 28.50 80.29 + 24.30 80.29 + 23.10 0.795
FMA UE 48.21 + 23.37 48.29 + 23.42 51.93 +15.42 51.79 £ 14.84 0.530
FMA LE 28.14 +7.39 28.21 +7.44 28.36 +9.23 28.50 + 8.783 0.825
TPOMA total 19.50 +5.29 19.64 +5.11 19.46 +5.21 19.46 = 5.21 0.169
TPOMA gait 9.00 £2.22 9.07 £2.09 8.77 +2.20 8.77 +2.20 0.345
TPOMA balance 10.50 + 3.35 10.57 = 3.30 10.69 + 3.15 10.69 = 3.15 0.345

Values are expressed as the mean + standard deviation.

WBVe, whole-body vibration exercise; 10MWT, 10-m walk test; TUG, timed up and go; FMA, Fugl-Meyer Assessment; UE, upper extremity; LE, lower extremity;
TPOMA, Tinetti Performance-Oriented Mobility Assessment.

*Results of the 2-way analysis of variance test showed a difference between the 2 groups (p < 0.05).

https://e-bnr.org

Functional assessments

Functional data analysis revealed a significant effect of time (F = 7.034; p = 0.013) and an
interaction between time and group (F = 8.717; p = 0.0006) for the IOMWT. The TUG test also
demonstrated a significant effect of time (F =17.991; p < 0.001) and an interaction between time
and group (F = 6.561; p = 0.016). However, there were no significant effects seen via FMA or
TPOMA (Table 2). Therefore, our findings indicate that 5 minutes of WBVe produced a positive
effect on gait function but not on motor impairments or mobility in chronic stroke patients.

fNIRS results

Fig. 2 shows the cortical activation patterns in terms of oxyHb in response to the stimulation
in the WBVe group and the control group. The cortical maps showed regions with statistically
significant differences between baseline and stimulation block over a time window of 1
minute. As a result of the group analysis, the oxyHb concentration was significantly increased
in the ipsilesional SMA, bilateral SMC, and contralesional PFC in the WBVe group over time
(p < 0.05). There were no significant changes during the first minute of WBVe stimulation,
but after 1 minute the oxyHb increased in the order of contralesional SMC, contralesional
PFC and ipsilesional SMC. There was a significant increase in contralesional PFC and
ipsilesional SMA for 1 minute after stimulation was terminated. However, there were no
significant change in the control group (Fig. 2B).

Grand averaged values of oxyHb over a time window of 1 minute are reported in Fig. 3 in order to
better elucidate the temporal dynamics of the acquired signals. In the WBVe group, there was a
significant increase in oxyHb of the ipsilesional SMC compared to baseline in the 3 to 5 minutes
after the onset of stimulation (p < 0.05). Compared to the control group, the ipsilesional SMC in
the WBVe group showed higher activation in the stimulation period (p < 0.05).

DISCUSSION

The results of the present study demonstrated that short-term WBVe induced activation

of the motor-related cerebral cortical areas and improved gait function in chronic stroke
patients. Gait speed after short-term WBVe was faster in chronic stroke patients, although
motor impairment, mobility, and balance displayed no significant changes. These findings
corresponded with those of earlier studies showing that ankle joint control was improved
by WBVe, which could contribute to gait speed [27]. Improvement of gait speed is also
clinically important in relation to improving a patient's mobility function and quality of life

https://doi.org/10.12786/bn.2020.13.€12 6/10
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Fig. 3. Mean oxyHb changes in the SMC during WBVe. Results of oxyHb time series changes obtained by the fNIRS demonstrated significant mean oxyHb
concentration changes in the affected SMC (A), but not in the unaffected SMC (B).

SMC, sensorimotor cortex; WBVe, whole-body vibration exercise; fNIRS, functional near-infrared spectroscopy; oxyHb, oxygenated hemoglobin.

*Paired t-test was performed to compare the values between baseline and at a defined time-point (p < 0.05); tUnpaired t-test was performed to compare the
values between groups at a defined time-point (p < 0.05).

after stroke by promoting changes in indoor gait function [28]. Other studies reported that
improvement in motor performance by WBVe temporarily altered the cortical function [8,9],
and then led to an increase in cortical-spinal excitability as the effect of vibration exercise [8].
Therefore, after determining its long-term effects, WBVe might be suggested as an additional
therapeutic modality for improving gait function in chronic stroke patients.

To the best of our knowledge, this is the first real-time fNIRS imaging study of WBVe in
stroke. The fNIRS data in this study revealed increased cortical activities observed in the
ipsilesional SMA, contralesional PFC, and bilateral SMC after WBVe application when
compared with the control group. In previous fNIRS reports, activation of the bilateral
SMA and SMC were observed during treadmill walking in stroke patients [14]. Previous
studies also reported that the SMA appears to play a role in the early stages of movement
representation and planning. These results are consistent with functional imaging studies
using PET [29] and {NIRS [14] that involved the SMA in human locomotion. Increased
SMA activity might be due to movement preparation and stepping reactions to prevent
participants from falling [14]. In the present study, WBVe obviously produced activation of
the SMA similar to treadmill walking, even without movement in the lower limb joints.

It has been reported that the PFC is essential for postural control in hemiplegic patients
after stroke [30]. The PFC activity might reflect the role of maintaining attention, controlling
executive function, and regulating postural control [31]. Stroke patients may need to recruit
the PFC to compensate for reduced cognitive and/or motor control in locomotion [32].
Therefore, the increased PFC activity seen during and after WBVe can be interpreted as
increasing attention paid to maintaining posture and motor control.

Cerebral cortical activities were also increased in the bilateral SMC during and after WBVe.
Following passive cycling, activation in the SMC, SMA, and PMC areas was reported

[33]. Activation of the SMC occurred not only in active movement but also during passive
movement of the upper limb in patients with stroke [34]. The SMC is additionally known to
be involved in locomotion control with subcortical structures and the spinal cord, along with
an estimated central pattern generator [35]. Assuming that WBVe represents passive exercise
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training done through proprioceptive stimulation, our findings seem to be consistent with
those of previous studies.

The present study has some limitations. First, the duration of the WBVe was relatively

short, with only a single session. However, our results may provide the rationale for further
studies investigating the changes in cerebral cortical activity after a more extended period of
vibratory stimulation, as well as long-term changes of cortical activity after repeated WBVe
sessions. Second, we could not compare the effect of WBVe according to the stroke lesion

or severity of motor impairment because of the relatively small subject size. Third, although
there was no significant difference in initial TUG and 10MWT between the groups, the final
differences in these measures were rather large. In future study, it may be necessary to obtain
the cortical activity changes from a larger number of patients having different stroke lesions
or motor disorders, and use advanced imaging analysis techniques, such as network analysis,
to adjust for initial differences.

Despite these limitations, we found that a single session of WBVe increased cortical activity in
the specific motor-related cortices in chronic stroke patients. Based on these results, further
studies are recommended to confirm the possibility of WBVe as a tool of neurorehabilitation
for stroke patients. By measuring the long-term effects of repeated WBVe on neural plasticity
in stroke patients, WBVe can be suggested as an ancillary rehabilitation treatment method for
use with these patients.
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