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ORIGINAL ARTICLE

Effects of whole-body vibration on blood flow and neuromuscular

activity in spinal cord injury

AJ Herrero'?, H Menéndez', L Gil!, ] Martin'!, T Martin', D Garcia-Lopez?, A Gil-Agudo® and PJ] Marin'?

IResearch Center on Physical Disability, ASPAYM Castilla y Ledn, Valladolid, Spain; Laboratory of Physiology, Faculty of Health
Sciences, Miguel de Cervantes European University, Valladolid, Spain and 3Biomechanics and Technical Aids Unit, Physical Medicine
and Rehabilitation Department, National Hospital for Spinal Cord Injury, SESCAM, Toledo, Spain

Study design: Crossover trial.

Objectives: To investigate the effects of whole-body vibration (WBV) on muscular activity and blood
flow velocity after different vibration treatments in patients with spinal cord injury (SCI).

Setting: Research Center on Physical Disability (Spain).

Methods: Eight individuals with SCI received six 3-min WBV treatments depending on a combination
of frequency (10, 20 or 30 Hz) and protocol (constant, that is, three consecutive minutes of WBV, or
fragmented, that is, three sets of 1 min of WBV with 1 min of rest between the sets). Femoral artery
blood flow velocity was registered at minutes 1, 2 and 3 of WBV, and at minutes 1 and 2 after the end of
the stimulus. Electromyography activity (EMG) of vastus lateralis (VL) and vastus medialis (VM) was
registered at baseline and during WBV.

Results: Peak blood velocity (PBV) increased after 1, 2 and 3 min of WBV. The 10 Hz frequency did not
alter blood flow, whereas the 20 Hz frequency increased PBV after 2 and 3 min of WBV, and the 30 Hz
frequency increased PBV after 1, 2 and 3 min of WBV and during the first minute after the end of the
stimulus. No protocol effect was observed for blood parameters. EMG activity of VL and VM increased
independently of the applied frequency or protocol.

Conclusion: WBV is an effective method to increase leg blood flow and to activate muscle mass in SCI
patients, and could be considered to be incorporated in their rehabilitation programs.
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Introduction

Spinal cord injury (SCI) has muscular and vascular con-
sequences below the level of the injury.! Regarding muscular
changes, these patients suffer a dramatic loss of muscle
mass.? Immediately after the injury and in the following
months, there is a preferential atrophy of type 2 fibers, but
past 7-10 months post injury, a significant shift of type 1
fibers to type 2B has been observed.® Regarding vascular
changes, there is a reduction in the thigh blood flow,*
femoral artery diameter,' vascular reactivity,! and capillary
alterations.” It has been proposed that changes in the muscle
vascular function are parallel to the skeletal muscle atrophy
in SCI subjects,’ and both changes increase the risk of
cardiovascular disease® and the development of pressure
ulcers.® Therefore, part of the rehabilitation of SCI patients
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should focus on the activation of muscular and vascular
systems.*

The application of whole-body vibration (WBV) with
platforms has been shown to improve muscular’® and
vascular®!! functions. These effects are strongly dependent
on the type of platform, protocols and vibration parameters
(that is, frequency).” Specifically, greater vibration frequen-
cies induce higher-muscle activity® and greater blood flow!!
than lower frequencies. Moreover, the most common
protocol used to apply WBV consists of short bouts (30-
90s) with ~60s rest between the sets. The effects induced by
the application of longer bouts (3min) on peripheral
circulation have been poorly investigated.

The previously mentioned benefits of WBV have been
observed in healthy subjects; however, no study has focused
on the effects of WBV on the muscle and vascular responses
of SCI patients. Thus, the purpose of this study was to
investigate the effects of WBV on muscular activity and
blood flow velocity after different vibration treatments in
SCI patients.
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Materials and methods

Subjects

Eight patients (six males and two females) volunteered to
participate in the study. All the patients had SCI and used
wheelchair for their locomotion. All the subjects were
clasiffied by the American Spinal Injury Association (ASIA)
as A. Table 1 summarizes the characteristics of the sample.
All the subjects received rehabilitation ten 2-h sessions per
month, which consisted of standing position (or tilt
position), passive movements, low intensity resistance
training or electrotherapy, and physiotherapy treatment.
Experimental treatments were applied to the subjects before
their rehabilitation routines. Subjects did not allow their
sleeping, eating and drinking habits to change throughout
study participation. We certify that all applicable institu-
tional and governmental regulations concerning the ethical
use of human volunteers were followed during the course of
this research.

Experimental design

Each subject was assessed in eight different sessions. In the
first two sessions, subjects were familiarized with the testing
treatments and vibration stimulus. Both sessions were
carried out within the same week separated with at least
48h. The other six sessions were carried out on Monday,
Wednesday and Friday during the following two weeks. In
each session, a random WBYV treatment was applied. The six
WBV treatments arise from the combination of the inde-
pendent variables frequency (10, 20 or 30 Hz) and protocol
(constant or fragmented). WBV was applied for three
consecutive minutes during the constant protocol, whereas
three cycles of 1 min of WBV and 1min of resting period
were applied during the fragmented protocol (Figure 1).
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Treatment protocol

Once a subject came to the laboratory, he or she was laid down
and fixed to a tilt table with straps (Figure 2). In the distal part
of the tilt table, just beneath the feet, a vibration platform was
placed (Galileo Home, Galileo, Novotec, Germany). Knee
angle was of 60° flexion (considering 0° the full knee
extension). Subsequently, the tilt table was placed at 45° and
the subject was kept in that position for a period of 10 min
before the application of WBV. All the subjects were familiar-
ized with the tilt table and the chosen angle as they usually
maintain this position in their rehabilitation routines. In that
position, the subject was prepared to register electromyogra-
phy activity (EMG) and ultrasound variables. The frequency of
vibration was set at 10, 20 or 30Hz. The amplitude of the
vibration was set by the position of the feet on the WBV plate
at Smm (peak-peak). Feet were placed parallel to each other
38cm apart (measured from the midlines of the feet). The
patients were exposed to the vibration each day for a total of
3min continuous (constant) or fragmented (three bouts 60s
exposures, separated by 60s rests).

Ultrasound measurements

Blood parameters were registered through an ultrasound
system (MyLab 25, Esaote, Genoa, Italy) using a pulsed color
Doppler with a linear array transducer (LA 523, 7.5-12 MHz;
length, 50 mm; Esaote, Genua, Italy) in the femoral artery as
previously described.!' Blood parameters were analyzed at
baseline, at the end of minutes 1, 2 and 3 of WBYV, and at the
end of minutes 1 and 2 of recovery after the stop of WBV
(Figure 1). Each image recorded by the ultrasound system
corresponded to a period of 4s. In that period, there were
between 3 and 5 beats, and the mean of these beats was
analyzed to obtain: mean and peak systolic blood velocities
(MBV and PBYV, respectively), as well as heart rate.

Table 1 Descriptive characteristics of the study sample

Gender Age (years) Height (m) Mass (Kg) Years after injury Level of lesion ASIA score PBV (cm s~')? MBV (cm s~ ')
1 M 41 1.74 83 24 T5 A 80.4+8.4 36.5+3.7
2 M 32 1.85 80 4 T8 A 66.6+3.5 33.0£3.9
3 M 32 1.98 94 5 Ccé6 A 47.5+6.8 25.1%5.1
4 M 39 1.87 82 3 T3 A 59.4+6.1 30.1£3.5
5 M 33 1.74 78 3 Cé A 82.2+7.7 35.7+4.4
6 M 32 1.73 76 2 Ccé6 A 83.2+6.9 42.8+6.0
7 F 35 1.63 78 6 L1 A 49.2+4.1 26.2+3.5
8 F 45 1.71 70 22 Cc5 A 66.5+5.0 34.8+3.2

Mean 36.1 1.78 80.1 8.6

s.d. 5.0 0.11 6.9 9.0
Abbreviations: MBV, mean blood velocity; PBV, peak blood velocity.
“Mean +s.d. of the control period values of the six sessions.
LU PP L LT
WBV Rest WBV Rest | wBv Rest

Figure 1 Sketch of the experimental phase in 10s intervals showing the fragmented (top) and constant (bottom) protocols.
Electromyography (diamonds) and blood parameters (circles) were registered.
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Surface electromyographic activity

Muscle activity of the vastus medialis (VM) and vastus lateralis
(VL) was measured using EMG. One set (two measuring
electrodes) of surface electrodes (Ag/AgCl, Skintact, Innsbruck,
Austria) was placed longitudinally to the direction of the
muscle fibers and approximately halfway from the motor
point area to the distal part of the muscle. An inter-electrode
distance of 2 cm was maintained. Before electrode placement,
the area was shaved, abraded and cleaned with isopropyl
alcohol in order to reduce skin impedance until it was lower
than SkQ. The location of the electrodes on the skin was
marked with permanent ink in order to ensure the same
placement throughout the different sessions.

Myoelectric raw signals were detected with a two-
channel EMG device (MyoTrac Infiniti, Thought Technol-
ogy, Montréal, Canada). EMG data analysis was performed
with a specific software (BioGraph Infiniti, Thought
Technology, Montréal, Canada). The last 10s correspond-
ing to the control period and corresponding to the third
minute of WBV application were chosen for data analysis
by the aforementioned software (Figure 1). EMG raw data
was averaged by root mean square (EMGgys) in order to
obtain the average amplitude of the EMG signal. On the
basis of the frequency analysis, a bandwidth of +0.8Hz

Cushioned material to
maintain the separation
of knees and feet

Straps to fix
the subjecr

-._.. 2
Wedge to standardize
knee ang:‘e

Vibration
platform

Figure 2 Placement of the subject on the tilt table during the
application of the whole-body vibration.

around each harmonic was excluded from the root mean
square calculation.

Statistical analysis

The normality of the dependent variables was checked and
subsequently confirmed using the Kolmogorov-Smirnov
test. A three-way repeated-measures analysis of variance in
frequency, protocol, and time was applied to analyze EMG
and blood parameters. When a significant F-value was
achieved, pair-wise comparisons were performed using the
Bonferroni post hoc procedure. The reliability and variability
of blood parameters were assessed with intraclass correlation
coefficient and coefficients of variation (that is,
CV =s5.d.*100/mean). A paired f-test was used to analyze
differences between both basal values. Statistical significance
was set at P<0.05. Effect size statistic, 1,> was analyzed to
determine the magnitude of the effect independent of
sample size. Values are expressed as mean +s.d.

Results

Blood parameters

Table 2 shows the statistical significance and effect sizes
of the analysis of variances. PBV increased after 1, 2 and
3min of WBV (11.3+£10.3%, P<0.05, 19.0+13.5% and
23.0£14.4%, P<0.01, respectively). At 1 and 2min after
the stop of the stimulus, PBV decreased at minute 3 of WBV
(—14.4+£9.3% and —14.0+8.5%, P<0.05, respectively) and
was similar to baseline values. Regarding baseline values, the
10Hz frequency did not modify PBV, whereas the 20Hz
frequency increased PBV after 2 and 3 min of WBYV, and the
30 Hz frequency increased PBV after 1, 2 and 3 min of WBV as
well as during the first minute after the end of the stimulus
(Figure 3).

MBYV increased after 1, 2 and 3 min of WBV (22.0+ 10.1%,
31.1+£11.0% and 36.0 £12.7%, P<0.001, respectively). Like-
wise, MBV remained increased in respect to baseline 1min
after the stop of the WBV (14.0+8.1%, P<0.05). The 30 Hz
frequency increased MBV more than the 10Hz frequency
(26.8 £8.1% in respect to 13.0+8.7%, P<0.001). However,
no differences were observed between the increment with
20Hz (17.0£11.3%) and the other two frequencies. All the
frequencies increased the MBV in respect to baseline at
minutes 1, 2 and 3 of WBV (Figure 4). Furthermore, 30 Hz

Table 2 Summary of the main effects analyzed with the ANOVAs for the dependent variables: PBV, MBV, HR, VM EMGgpns and VL EMGgps

Time Frequency Time*frequency Time*protocol
PBV ICC=0.962; CV=5.6 P<0.001; n*=0.567 NS P<0.001; n°>=0.342 NS
MBV ICC =0.888; CV=28.4 P<0.001; n?=0.756 P<0.01; 1>=0.403 P<0.01; 1?>=0.254 NS
HRICC=0.973; CV=2.8 NS NS NS NS
VM EMGgms P<0.05; 12> =0.237 NS P<0.05; n>=0.321 P<0.05; 12=0.268
VL EMGgus P<0.05; 1>=0.268 NS P<0.01; n2=0.275 P<0.05; 12=0.293

Abbreviations: ANOVA, analysis of variance; CV, coefficient of variation; HR, heart rate; ICC, intraclass correlation coefficient; MBV, mean blood velocity; NS, non-
significant; PBV, peak blood velocity; VL EMGgyps, vastus lateralis EMG activity; VM EMGgys, vastus medialis EMG activity.

For each effect, the statistical significance and effect sizes are shown. For the blood parameters, the ICC and CV are shown.

At the beginning and at the end of the control period, blood parameters were registered to analyze their reliability and to establish baseline level as the mean of

both values.
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Figure 3 Time course changes on PBV depending on the frequency
during and after the application of 3 min of whole-body vibration
and three cycles of 1 min of vibration and 1 min of resting period.
** different from baseline at P<0.01. 2% different from 10 Hz at
P<0.05 and P<0.001, respectively.
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Figure 4 Time course changes on mean blood velocity depending
on the frequency during and after the application of 3 min of whole-
body vibration and three cycles of 1min of vibration and 1 min
resting period. ** *** different from baseline at P<0.01 and 0.001,
respectively. @ 3 P different from 10 Hz at P<0.05, P<0.001 and
P=0.08, respectively.

increased MBV to a higher extent than 10 Hz and maintained
the MBV increased in respect to baseline values 1 min after
the end of the WBV. No protocol effect was observed for PBV
or MBV.

EMG

Regarding VM, EMGgys was higher after 3 min of WBV in
respect to baseline values (26.0£9.9 in respect to
18.9+2.8mV, P<0.05). Likewise, for each frequency,
EMGgys was higher after 3min of WBV in respect to
baseline values, but no differences in baseline values nor
after WBV were observed among frequencies. For both
protocols, EMGrys was higher after 3 min of WBV in respect
to baseline values, no differences in baseline values were
observed between protocols, but after WBV, EMGgrys was
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greater after the constant protocol (28.5+5.7 in respect to
23.5+3.3mV, P<0.05).

Regarding the VL, EMGgys was higher after 3 min of WBV
in respect to baseline values (26.2+5.8 in respect to
15.2+1.1mV, P<0.05). For each frequency, EMGgrys was
higher after 3 min of WBV in respect to baseline values, but
no differences in baseline values nor after WBV were
observed among frequencies. Finally, for both protocols,
EMGgs was higher after 3 min of WBV in respect to baseline
values, no differences in baseline values were observed
between protocols, but after WBV, EMGgrys was greater after
the constant protocol (29.7 £7.5 in respect to 22.8 £4.3mV,
P<0.05).

Discussion

The main findings of the present study were that WBV alone
can significantly increase leg blood flow velocity and EMG
activity in SCI patients. Moreover, higher frequencies (that
is, 20 and 30 Hz) produced greater increase in leg blood flow
velocity, although a tendency to evoke higher increase in
blood flow velocity was observed with 30Hz, which also
maintained this variable above basal values after the stop of
the stimulus. No difference was observed regarding the
application of the WBV in a constant or fragmented
protocol.

Leg blood flow velocity was increased during the applica-
tion of WBV in SCI patients. However, the magnitude of
blood flow response observed in our study is lower than in
others carried out with healthy subjects.”!' Using an
oscillating platform, Kerschan-Schindl® found a two-fold
increase in mean blood flow in the popliteal artery
and Lythgo et al.'' found a four-fold increase in mean
blood velocity in the femoral artery. These greater responses
in comparison to our results could be due to the fact that:
(1) the tilt table provides weight unloading, and as blood
flow highly correlates with work output,’® a reduction in
work output owing to unloaded weight may result in a
smaller increase in blood flow;!° (2) greater the active tissue,
higher the metabolic demand; as muscle weakness is a
feature of SCI,2 the O, demand should be reduced and
subsequently would elicit a reduced response; and (3) the
reduced femoral artery diameter and blood flow observed in
SCI patients' would limit the hemodynamic response
to exercise.

WBYV leads to an increased metabolic demand measured by
oxygen uptake in a linear relationship with vibration
frequency,'® which is in agreement with our results. As
higher the frequency used, the greater increase in blood flow
velocity was observed. Although there was no difference in
this variable between 20 and 30Hz, a trend to produce
higher increase with 30 Hz was detected. Furthermore, 30 Hz
maintained the PBV above basal values 1 min after the stop
of the vibration. This would recommend using 30 Hz in order
to analyze the long-term effects of the application of WBV in
SCI patients.

To the best of our knowledge, this is the first study to apply
WBYV on a tilt table on SCI patients. Other ways of applying
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WBYV on SCI patients have been through partial standing or
standing on the platform with the help of a specific device.'*
In the present study, the tilt table was fixed at an angle of 45°
for the following reasons: (1) this angle unloads part of the
weight of the subject but less than a sitting position; (2) SCI
patients can experience episodes of orthostatic hypotension
and can faint if angles near to the vertical are reached'® and
(3) all the participants were familiarized with this angle as
they used to maintain this position during 30 min in their
rehabilitation routines.

The improvement of lower-extremity circulation is a goal
of the rehabilitation of SCI patients.* Some of the traditional
exercises performed to achieve this goal have been passive
leg movements and passive cycling; however, there is
evidence supporting that these methods do not increase
leg blood flow in SCI patients.'® As well as increasing
blood flow, the application of WBV during supine bed rest
for 52 days avoided a decrease of the diameter of the
common femoral artery in respect to a control group.'” This
observation has not been reported in SCI patients but future
studies that combine WBV and Doppler ultrasound measures
should contrast if this preservation is possible in this
collective.

EMGgus of VL and VM increased after the application of
WBYV independently of frequency or protocol. In healthy
subjects, the same increases have been reported using
frequencies between 15 and 30Hz.'® In SCI patients,
we have not found any research that combines WBV and
EMG recordings, nevertheless the application of punctual
vibration on thigh muscles during locomotion increased the
muscle activity of SCI patients.'® This increase in the
EMGgys could be due to the fact that mechanical vibrations
applied to the muscle or tendon stimulate sensory
receptors and that activation of muscle spindles facilitates
the activation of a-motoneurons, leading to tonic vibration
reflex.’ In our study, no significant difference was
noted depending on the frequency. It could be expected
that 30Hz would increase EMG amplitude more than
10Hz, as the acceleration of the platform is higher as the
frequency increases. Furthermore, in healthy subjects, great-
er EMG activity with high-frequency WBV training (40 and
45Hz) has been reported when compared with lower
frequencies (25 and 30Hz).® In our study, the lack of
differences in the EMG activity between frequencies could
be due to the reduced EMG response of SCI patients in
respect to healthy subjects,?’ as well as to the marked
difference in the EMG patterns among SCI subjects;>!
therefore, this lack of statistical significance could be due
to a type II error.

In conclusion, WBV represents an option to induce a reflex
muscle contraction in subjects with difficulties or inability to
evoke voluntary contractions such as SCI patients. Our
results show that WBYV is an effective method to increase leg
blood flow and to activate muscle mass in these patients, and
could, therefore, be considered to be incorporated in
rehabilitation programs of this collective. Moreover, the
methodology proposed to apply SCI through the use of a tilt
table has been safe, easy to perform and welcomed by the
subjects and therapists.
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