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Abstract

Objectives: Whole-body vibration (WBV) is applied to the sole of the foot, whereas local mechanical vibration (LMV) is
applied directly to the muscle or tendon. The time required for the mechanical stimulus to reach the muscle belly is longer
for WBV. Therefore, the WBV-induced muscular reflex (WBV-IMR) latency may be longer than the tonic vibration reflex
(TVR) latency. The aim of this study was to determine whether the difference between WBV-IMR and TVR latencies is due
to the distance between the vibration application point and the target muscle. Methods: Eight volunteers participated in
this study. The soleus reflex response was recorded during WBV, LMVs, and tendon tap. LMVs were applied to the Achilles
tendon and sole of the foot. The latencies were calculated using the cumulative averaging technique. Results: The latency
(33.4+2.8 ms) of the soleus reflex induced by the local foot vibration was similar to the soleus TVR latency (30.9+3.2
ms) and T-reflex (32.0+2.4 ms) but significantly shorter than the latency of the soleus WBV-IMR (42.3+3.4 ms)
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TVR and WBV-IMR are different.

=27.46, p=0.0001, partial n?=0.797). Conclusions: The present study points out that the neuronal circuitries of
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Introduction

Whole-body vibration (WBV), as a rehabilitation and
exercise training method, is becoming increasingly popular
in physical therapy, rehabilitation, and professional sports
due to its claimed beneficial effects on the neuromuscular
system'2. These benefits include improved muscle strength
and power3"®. Although little is known about the physiological
mechanisms underlying the effects of WBV on muscular
performance, the presence of reflex muscle activity during
WBV has been shown®'""'4, This reflex, whose receptor origin
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has not been clearly defined, is called the WBV-induced
muscle reflex'#'>, Although there is no conclusive evidence
that tonic vibration reflex (TVR) genuinely occurs during
WBYV, it is the most cited mechanism to explain the effects
of WBV on muscular performance*'®'"'617 A previous study
on the comparison of reflex latencies observed an eight
milliseconds difference between the reflex times of WBV and
local mechanical vibration (LMV) on the soleus muscle'®. This
result disputes the view that the beneficial neuromuscular
effects of WBV can be explained by TVR. This discrepancy
may be explained by the different vibration application
techniques'®.

There are two main differences between WBV and LMV
in terms of application techniques'®. First, the vibration
frequencies are different. LMV frequency is above 100 Hz,
whereas WBV frequency is between 5-50 Hz'®'°, However,
the dependence of sound speed on frequency is usually
insignificant in frequencies lower than ten thousand
hertz?°. Therefore, the effect of frequency on latency
can be negligible. The second difference is that LMV is
applied directly to the muscle or tendon. However, for WBV
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Figure 1. lllustration of the experimental setup. Surface EMG recordings were taken from soleus muscle a. To elicit soleus TVR, vibrations
were applied to the Achilles tendon (Achilles tendon vibration) using a local vibrator. b. To elicit soleus LFV-IMR, foot vibrations were
applied to the platform underlying the foot (Foot vibration) using a local vibrator. c. To elicit soleus T-reflex, taps were applied to the
Achilles tendon (Achilles tendon tap) using a reflex hammer. Acc: Accelerometer.

training, vibration is applied to the sole of the foot and
transmitted to the targeted muscles through the feet's.
The distance between the vibrated body site and the target
muscle belly is longer for WBV than LMV. Since the longer
the distance the vibration wave travels, the longer the
time it takes to propagate, the time taken for the vibration
stimulus to reach the muscle’s belly will be longer for the
WBYV than for the tendon vibration. In the current study
to overcome this problem, vibration stimuli with the same
frequency and amplitude were applied to the foot sole and
the Achilles tendon.

Taking this basic knowledge of physics into account,
we have developed the following hypotheses that can
harmoniously explain the views put forward in previous
research on WBV: Firstly, the latency of the soleus reflex
induced by the LMV (soleus TVR) is shorter than the latency
of the soleus reflex induced by the sole vibration. Secondly,
the latency of soleus reflex induced by the sole vibration
and the latency of soleus reflex induced by the WBV are
similar. The aim of this study was to determine whether
the difference between WBV-IMR and TVR latencies is due
to the distance between the vibration application point and
the target muscle.

Materials and Methods

This cross-sectional study was performed at a
tertiary referral unit specialized in Physical Medicine and
Rehabilitation. The right soleus reflex response was recorded
during WBV, LMVs, and Achilles tendon tap. The LMVs were
applied to the right Achilles tendon and sole of the right
foot. WBV-induced muscular reflex (WBV-IMR) latency, TVR
latency, foot vibrations latency, T-reflex latency were then
calculated.
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Participants

Eight healthy (five females, three males) individuals
aged 20 to 40 years volunteered to participate in this
study. All participants gave written informed consent to
the experimental procedures following the Declaration of
Helsinki and were approved by the local ethics committee
(Approval Number, 2020-398) and registered with the
Protocol Registration ClinicalTrials.gov (NCT04516798).
This study was completed with eight healthy volunteers (five
women, three men). Their mean * standard deviation of the
age was 27.7+2.7 years; body height 170.7+8.4 cm.

Procedures
Whole-Body Vibration

WBV was performed using a Power Plate Pro5
device (POWER PLATE® International, Amsterdam, The
Netherlands). During WBV, subjects were asked to stand
upright on both feet on a vibration platform with their knees
locked. Subjects were barefooted, and no sponge or foam
was placed between the vibration platform and their feet.
Participants were asked to hold the handle of the WBV device
to maintain a static balance. The whole plate oscillated with
a linear movement upward and downward with an amplitude
of two millimeters. Different vibration frequencies (30, 35,
and 40 Hz), each lasting for 30 s with 5-s rest intervals, were
delivered in random order to negate any order/time effect.

Local (Isolated) Vibration

The subjects were asked to lie on the examination table
in a prone position. The right ankle joint was fixed in a
neutral position (Figure 1a). The LMV was applied using a
custom-made vibrator consisting of a DC motor (Bosch™,
with frequency between 5000-20000), vibration head
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rectified EMG data.

Figure 2. Reflex latency measurement using the cumulative average method for soleus muscle: (a) T-reflex latency, (b) tonic vibration
reflex latency, (c) local foot vibration-induced muscular reflex latency, and (d) whole-body vibration-induced muscular reflex latency The
open circle represents the positive peak of the rectified EMG that was used as the trigger to average the accelerometer data and the

(oscillating with a peak-to-peak amplitude of 2 mm), and
control unit. Before the experiments, the frequency of the
vibrator was calibrated and monitored online during the
experiment. The vibration was applied to the tendon or sole
with a constant force by one of the researchers's.

To elicit soleus TVR, three different vibration frequencies
(100, 135, and 150 Hz) with an amplitude of two millimeters,
each lasting for 30 s with 5-s rest intervals, were delivered
to the right Achilles tendon in random order to negate any
order/time effect. To elicit the local foot vibration-induced
muscular reflex (LFV-IMR), the LMV was then applied to
the right foot’s sole in the same position (Figure 1b). Three
different vibration frequencies (100, 135, and 150 Hz), each
lasting for 30 s with 5-s rest intervals, were delivered to the
right foot of the subject in random order to negate any order/
time effect.

Soleus T-Reflex

Twenty consecutive taps with 3-5 second intervals were
applied to the right Achilles tendon using a reflex hammer
while subjects were lying in the same prone position with the
right ankle fixed at a neutral angle (Figure 1c).

Data Acquisition

The surface EMG (SEMG) from the right soleus and
acceleration data were recorded simultaneously using
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the data acquisition and analysis system (POWERLAB®
ADInstruments Co, Oxford, UK). SEMG was recorded using
a bipolar recording technique. Disposable self-adhesive Ag/
AgCI (Kendall® Arbo) SEMG electrodes were placed on the
right soleus belly four centimeters apart?'. The skin overlying
the muscle was shaved; light abrasion was applied; the skin
was cleaned with alcohol to reduce skin resistance®2. The
reference electrode was placed on the medial malleolus.
To prevent the sway of electrode cables, they were fixed
to the body. Three accelerometers (LIS344ALH; Ecopack,
Mansfield, TX, USA) were used to determine WBV-IMR
latency, LFV-IMR latency, T-reflex latency, and TVR latency
(Figure 1). The sampling rate was 40 kHz for SEMG and
accelerometer signals.

Reflex Latency Measurement

Reflex latencies were determined using the cumulative
average method'?. Firstly, to minimize the movement
artifacts from the EMG signals, they were filtered using a
high-pass digital filter set at 60 Hz for determining WBV-
IMR: 160 Hz high-pass digital filter for determining TVR
latency. Filtered signals were then full-wave rectified
to bring out genuine peaks to be used as triggers in a
spike-triggered averaging algorithm. Accelerometer
signals were also filtered with a high-pass digital filter
set at 5 Hz. The peaks of the artifact-free rectified EMG
signals were used as the triggers and acceleration record
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as the source in a spike-triggered averaging algorithm
to determine the latency of reflexes. This procedure
was performed for all three vibration frequencies that
were tested. The averaged data belonging to different
vibration frequencies were then superimposed to
generate a cumulative average. To precisely determine
the intersection point of the accelerometer trace of three
different vibration frequencies, the standard error (SE)
was calculated for each data point throughout the trace
of the cumulated average of the accelerometer. The point
in time in an accelerometer cycle where the SE was the
lowest was considered the effective stimulus time point
(Figure 2). This point effectively represents the threshold
for activation of the receptor responsible for the reflex
response'?. Using the same technique, the onset of the
EMG (onset of reflex response) was determined. The peaks
of the artifact-free rectified EMG signals were used as the
triggers and EMG record as the source in a spike-triggered
averaging algorithm to determine the latency of reflexes.
This averaging process was then separately conducted
for the three vibration frequencies. Averaged EMG data
belonging to three different vibration frequencies were
then combined to generate the cumulated average of the
EMG for each participant. The point in time in an EMG
trace where the SE was the lowest was considered the
onset of reflex response. Figure 2 clearly illustrates that
the spike-triggered averaging approach combined with the
cumulated average technique works very well to indicate
the EMG reflex response’s effective start point.

Reflex latency negatively correlates with body height?3.
Therefore, all latencies were adjusted to the body height of
each participant. Latency was expressed as milliseconds
(ms). SEMG and accelerometer data were processed and
analyzed offline using LABCHART 7® Software Version 7.3.3
(PowerLab®system ADInstruments, Oxford, UK).

Statistical Analysis

The minimum number of participants required was
determined by an a priori power analysis (G*Power version
3.1.9.4, Franz Faul). Based on a previously published study
in which the effect size was 1.932 for the difference between
WBV-IMR and TVR latency. With an alpha=0.05 and
power=0.99, the projected total sample size needed with this
effect size was estimated to be eight. All data were checked
for normal distribution using the Shapiro-Wilk test. The
arithmetic mean and standard deviation (SD) were calculated
for each variable. The comparison of mean reflex latencies
was performed by an ANOVA appropriate for multiple
dependent variables with repeated measures paired t-test.
The Bonferroni test was applied for pair-wise comparisons.
Differences in the mean values and effect sizes with a 95%
confidence interval were calculated, and a p-value<0.05 was
considered to indicate statistical significance. The software
package used for data management was SPSS ver18
software.
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Figure 3. Mean of the latency of whole-body vibration-induced
muscular reflex (WBV-IMR), tonic vibration reflex (TVR), local
foot vibration-induced muscular reflex (LFV-IMR), and T-reflex
(with 95% confidence interval).

Results

The reflex responses were obtained in all cases. Adjusted
reflex latency for WBV-IMR, soleus TVR, local foot vibration
and T-reflex were 42.3+3.4 ms, 30.9+3.2 ms, 33.4+2.8 ms
and, 32.0+2.4 ms, respectively (F,, =27.46, p=0.0001,
partial N?=0.797). The PostHoc analysis showed that the
WBV-IMR latency was significantly longer than the latency
of soleus TVR, the latency of LFV-IMR, and the latency of
T-reflex (p=0.004, p=0.004, p=0.003, respectively, with
Bonferroni correction). There was no significant difference
between the latency of soleus TVR, the latency of local foot
vibration-induced reflex, and T-reflex latency (Figure 3).

Discussion

This study’s main finding is that the latency of the soleus
reflex induced by the local foot vibration is similar to the
soleus TVR latency but shorter than the soleus WBV-IMR.
This finding does not support the view that TVR can explain
the beneficial neuromuscular effects of WBV-IMR.

It is well known that mechanical vibration applied to the
muscle belly or tendon can elicit a reflex muscle contraction.
It is defined as TVR, a spinal polysynaptic spindle-based
reflex426, Indeed, the primary endings of the muscle spindle
can respond in 1:1 synchrony up to about 100-150 Hz
vibrations?’. In this study, 100, 135, and 150 Hz frequencies
were used for LMV. As in a previous study'®, the current
report found that the soleus TVR latency was similar to soleus
T-reflex latency but shorter than soleus WBV-IMR latency.
This study’s original finding is that it reveals that the foot
sole’s further distance is not the reason for the long latency
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of WBV-IMR compared to local foot vibration and Achilles
tendon LMV. It suggests that their neuronal circuitries are
different.

The mechanical oscillations are defined as vibrations,
which are closely linked to the concept of waves. Vibration
propagates asanacousticwaveinamedium (air, water, metals,
or biological tissue, etc.). The acoustic wave is a longitudinal
wave. The acoustic wave leads to the compressions and
rarefactions of the particles while it propagates through
the medium. In other words, the particles of the medium
periodically move back and forth in a line parallel to the line
in which the wave moves?®, It is well known that acoustic
waves travel at speeds greater than 1000 m/s through soft
tissue®®. Considering that the soleus muscle length is less
than 50 cm, vibration stimulus applied to the Achilles tendon,
or sole takes less than 0.5 ms to reach the soleus muscle.
The rapid propagation of acoustic waves in biological tissues
may explain the similarity of soleus reflex latencies induced
by vibration applied to the Achilles tendon or the foot’s sole.
However, it does not explain the time difference between TVR
and WBV-IMR.

Strengths and limitations

WBV is performed in a standing position'®'°. However,
in this study, high-frequency (100-150 Hz) vibration was
applied to the sole of the foot in the prone position, not while
standing. This may be a limitation of the present study. But in
our opinion, when high-frequency WBV is applied to the sole
of the foot while standing, the latency of the soleus reflex will
not change. Because the soleus is a postural muscle and its
activity increases when standing upright. Ogiso et al. showed
that soleus stretch reflex latency did not change at various
isometric voluntary contraction levels3°. However, future
studies can be considered to clarify this issue.

In this study, the mean difference between soleus TVR and
soleus WBV-IMR latencies was 11.4 ms. Although this study’s
sample size was small, the effect size (partial eta squared)
was considerable, and the study power (99%) was high.

In the present study, accelerometer and EMG recordings
were recorded with a sample rate of 40 kHz. This high
sampling rate allowed latency measurements to be made
with a sensitivity of 0.025 ms.

Conclusion

This study showed that TVR was activated when a high-
frequency LMV was applied to the sole or Achilles tendon
and that the significant difference between soleus TVR and
soleus WBV-IMR latencies was not due to the application of
WBYV to the sole rather than the Achilles tendon. This study’s
findings support the view that the neuronal circuitry of TVR
and WBV-IMR is different'.

There is currently no standardized vibration training
guideline for athlete prescription. A complete understanding
of the basic mechanisms underlying the effects of vibration
and their dependence on the intervention characteristics
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and the exercise protocol may help develop more effective
vibration exercise protocols. Further studies are needed to
identify the precise afferent type and/or receptor origin of
the WBV-IMR pathway.
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