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increased vibration-induced corticospinal excitability inde-
pendent of vibration frequency.
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Abbreviations
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MEP	� Motor-evoked potential
rMT	� Resting motor threshold
SOL	� Soleus
TA	� Tibialis anterior
TMS	� Transcranial magnetic stimulation

Introduction

Chronic vibration of the Achilles tendon has the poten-
tial to increase maximal plantar flexion strength in both 
the vibrated (Lapole and Pérot 2010) and the contralateral 
non-vibrated side (Lapole et al. 2013), likely resulting from 
demonstrated neural adaptations (Lapole and Pérot 2010). 
While enhanced activation capacities were partly explained 
by an increase in soleus (SOL) spinal excitability (Lapole 
and Pérot 2012; Lapole et  al. 2013), neural adaptations 
were also suggested to have supraspinal origins (Lapole 
et al. 2013). Tendon and muscle vibration are known to be 
powerful stimuli for muscle spindle primary endings and, 
to a lesser degree, secondary spindle and Golgi afferents 
(Eklund and Hagbarth 1966; Roll et al. 1989). While pro-
prioceptive inputs are essential at the spinal level (Gande-
via 2001), they also play a major role in motor control at 
the cortical level (Wiesendanger and Miles 1982). It has 
previously been reported that the motoneuron firing rate 
may be reduced by up to 30 % in the absence of afferent 
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feedback (Macefield et al. 1993). Moreover, modulation of 
afferent inputs can induce persistent neuroplastic changes 
in motor cortical areas, suggesting that projections from the 
somesthetic cortex modulate motor cortical excitability. For 
instance, 2 h of peripheral electrical stimulation of the hand 
muscles was reported to increase motor cortical excitability 
(Ridding et al. 2000; Kaelin-Lang et al. 2002). The hypoth-
esis that vibratory stimuli may also influence the cortical 
level is supported by studies showing that vibration can 
generate evoked cortical potentials in sensory and motor 
cortical areas of the upper limbs (Munte et al. 1996; Naito 
et al. 1999; Naito and Ehrsson 2001).

Human cortical excitability can be assessed by tran-
scranial magnetic stimulation (TMS). Using this tech-
nique, numerous upper-limb studies have demonstrated 
an increase in corticospinal excitability indicated by 
increased motor-evoked potential (MEP) amplitude or 
area within seconds of the initiation of vibration of vari-
ous hand and wrist muscles (Claus et al. 1988; Kossev et al. 
1999; Siggelkow et al. 1999; Kossev et al. 2001; Rosenk-
ranz et al. 2003; Rosenkranz and Rothwell 2003; Steyvers 
et al. 2003; Rosenkranz and Rothwell 2006) with a simul-
taneous decrease in the excitability of antagonist muscles 
(Siggelkow et  al. 1999; Kossev et  al. 2001; Rosenkranz 
et al. 2003; Rosenkranz and Rothwell 2003, 2006). Effects 
to corticospinal excitability were also demonstrated in 
the contralateral non-vibrated side. Kossev et  al. (2001) 
reported a significant decrease in antagonist MEP area dur-
ing vibration and a tendency towards an increase in agonist 
MEP area. The vibration-induced increased MEP amplitude 
was also reported to be frequency dependent (Siggelkow 
et al. 1999; Steyvers et al. 2003). A significant increase in 
extensor carpi radialis MEP amplitude was reported during 
80- and 120-Hz but not 160-Hz vibration (Siggelkow et al. 
1999). Similarly, it was shown that 75-Hz vibration resulted 
in greater flexor carpi radialis MEP amplitude increase than 
vibration at 120 Hz, while a 20-Hz frequency had no effect 
on MEP amplitude (Steyvers et  al. 2003). Dependence of 
MEP amplitude increase in both wrist flexor and exten-
sor muscles on vibration frequency has mainly been dis-
cussed regarding the excitation of muscle spindle primary 
endings. Indeed, Ia afferents can fire synchronously with 
vibration frequencies up to 80–100 Hz (Roll et  al. 1989). 
Since 20-Hz vibration is known to entrain a suboptimal pri-
mary ending firing rate (Roll et al. 1989), insufficient cen-
tral temporal summation of Ia afferent discharge was sug-
gested to account for the lack of MEP amplitude change 
(Steyvers et al. 2003). Similarly, a high vibration frequency 
(i.e. 160  Hz) was ineffective in facilitating MEPs due to 
overstimulation of Ia afferents (Siggelkow et  al. 1999), 
leading to a possible decrease in their firing rate (Roll et al. 
1989). Hence, vibration-induced MEP amplitude increase 

is believed to be directly mediated by the induced discharge 
of spindle primary endings.

Despite lower-limb muscles being of fundamental 
importance because of their functional role in locomotion, 
corticospinal excitability of leg muscles has rarely been 
investigated. In early stages of immobilization, reduced 
neural drive accounts for a large portion of the decrease 
in plantar flexor strength loss (Duchateau 1995; Gondin 
et al. 2004); therefore, it is important to develop effective 
countermeasures to neuromuscular deconditioning. With 
both potential ipsilateral and contralateral effects, a ten-
don vibration program might be beneficial for individuals 
who are hypoactive or immobilized, and not candidates 
for whole-body vibration. To our knowledge, only one 
study has investigated leg MEP amplitudes during vibra-
tion (Mileva et  al. 2009). This study reported increased 
tibialis anterior (TA) MEP amplitude during 30-Hz whole-
body vibration with no change in SOL MEP size. In this 
study, vibration was applied simultaneously to both limbs 
while maintaining a squat position, entraining different 
neural mechanisms than with localized vibration exposure 
(Rittweger 2010). More recently, the acute after-effects 
of a single 1-h bout of 50-Hz Achilles tendon vibration 
were investigated and increased SOL and TA corticospi-
nal excitability was reported (Lapole et al. 2012). It is not 
known whether SOL corticospinal excitability is modu-
lated during Achilles tendon vibration in the same way 
as in upper-limb muscles. Furthermore, it is not known 
whether MEP amplitude changes also occur in synergist, 
antagonist and contralateral muscles during Achilles ten-
don vibration.

Therefore, the main aim of the present study was to elu-
cidate how corticospinal excitability is influenced during 
direct Achilles tendon vibration. We investigated the effect 
of different vibration frequencies within the optimal range 
of Ia afferent discharge on MEP response amplitudes of the 
vibrated muscles [SOL and gastrocnemius medialis (GM)], 
their antagonist (TA) and their contralateral homologues.

Methods

Participants

Twelve healthy (free of lower-limb injury during the previ-
ous 3 months) right-leg dominant participants (two females 
and ten males; age: 28 ± 8 years; height: 176 ± 9 cm; body 
mass: 72 ± 7 kg) provided written informed consent prior 
to participating in the study. This study conformed to the 
standards from latest revision of the Declaration of Hel-
sinki, and all procedures were approved by Comité de Pro-
tection des Personnes Sud-Est 1, France. All participants 
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were free of contraindications to TMS, acute and chronic 
neurological disorders and trauma. They were instructed to 
abstain from caffeine for a minimum of 12 h before each 
session. Participants were seated in a custom-built chair 
with hips, knees and ankles at 90° of extension for all 
measures.

Electromyographic activity

EMG of SOL, GM and TA was recorded with pairs of 
self-adhesive surface electrodes (Meditrace 100, Covi-
dien, Mansfield, OH, USA) in bipolar configuration with 
a 30-mm interelectrode distance and the reference on the 
medial malleolus. SOL electrodes were placed 2 cm below 
the insertion of the gastrocnemii on the Achilles tendon, 
and GM and TA electrodes were placed on the muscle 
belly according to SENIAM recommendations (Hermens 
et al. 2000). A low impedance (<5 kΩ) between electrodes 
was verified after shaving, gently abrading the skin and 
then cleaning it with isopropyl alcohol. Signals were ana-
logue-to-digitally converted at a sampling rate of 2,000 Hz 
by PowerLab system (16/30-ML880/P, ADInstruments, 
Bella Vista, Australia) and octal bio-amplifier (ML138, 
ADInstruments; common mode rejection ratio  =  85  dB, 
gain  =  5,000 for SOL and 2,000 for GM and TA) with 
bandpass filter (10–500  Hz) and analysed offline using 
Labchart 7 software (ADInstruments).

Transcranial magnetic stimulation

Transcranial magnetic stimulation was performed using 
a Magstim 2002 stimulator (The Magstim Company Ltd, 
Whitland, UK) and a 110-mm concave double-cone coil 
(maximum output of 1.4 T). The coil was positioned over 
the leg area of the motor cortex along the nasal-inion axis 
to induce a postero-anterior current. Optimal coil posi-
tion was selected so as to elicit the largest right SOL MEP 
amplitude. TMS intensity was based upon SOL MEP 
amplitude since TA and GM MEPs are more easily elicited 
than SOL MEPs. This ensured the presence of MEPs in all 
tested muscles when a SOL MEP was identified. Moreo-
ver, the selection of the hot spot along the nasal-inion axis 
permitted both motor cortices to be stimulated to the same 
degree; thus, permitting simultaneous bilateral recording of 
MEPs. The coil position was drawn directly on the silicone 
swim cap worn by the participants. Before the delivery of 
each stimulus, the coil position was verified with regard to 
the marks on the swim cap. Resting motor threshold (rMT) 
was determined as the intensity to elicit SOL MEP ampli-
tudes higher than 50 μV in at least three of five consecu-
tive trials with the muscle in the relaxed state (Perez et al. 
2004). During the protocol, TMS was delivered at 120 % 
SOL rMT, i.e. 64 ± 20 % maximal stimulator output.

Achilles tendon vibration

Low-amplitude (1  mm) Achilles tendon vibration of the 
dominant leg (personal preference) was performed by ten-
don vibrator (VB 115, Techno Concept, Mane, France) 
strapped immediately proximal to the malleoli. The chosen 
vibration frequencies were 50, 80 and 110 Hz. All chosen 
frequencies are known to be in the range where Ia afferents 
can fire synchronously with the vibration frequency (Roll 
et al. 1989). During control conditions (i.e. without vibra-
tion), the vibrator remained strapped to the Achilles tendon. 
Participants were instructed to fully relax their muscles 
and to keep their eyes closed in order to prevent the occur-
rence of tonic vibratory reflexes induced by vision (Roll 
et al. 1980). Experiments were conducted in a quiet room 
to prevent auditory disruptions. EMG data were verified to 
ensure that tonic vibratory reflexes were not evoked, and 
that participants were not performing very weak voluntary 
contractions. This occurred by analysing background activ-
ity as the mean value of the rectified EMG over a 100-ms 
period before delivery of TMS.

Experimental protocol

Figure  1 illustrates the experimental set-up. TMS was 
delivered at 120  % SOL rMT in a control condition and 
during Achilles tendon vibration at 50, 80 and 110  Hz. 
For each condition, two series (A and B) were performed 
in order to take into account both possible variability in 
vibration-induced effects and a time effect. Each series 
consisted of 10  stimuli delivered at randomly determined 
interstimulus intervals of 3–10  s. Vibration was continu-
ously applied for a maximal total time of 60 s per series. 
The first TMS pulse was delivered ~3  s after the begin-
ning of vibration. The eight series were performed in a 
randomized order with 60  s of rest between series. EMG 
activity was recorded from SOL, GM and TA in both right 
(vibrated) and left (contralateral) legs. The size of the 
MEPs was measured as the peak-to-peak amplitude of the 
non-rectified response. For each series of 10 TMS pulses, 
the three maximal responses of each muscle were averaged. 
Mean MEP amplitudes at each vibrating frequency were 
normalized and expressed as a percentage of the mean con-
trol MEP for each muscle.

Statistics

Statistical analyses were performed using SPSS software 
(SPSS 21, SPSS, Chicago, IL). The distribution of each 
variable was examined with the Kolmogorov–Smirnov nor-
mality test, and homogeneity of variance was verified by 
Levene’s test. For each muscle, a linear mixed model for 
repeated measures was first performed on MEP amplitude 
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and background EMG activity. Condition (vibration vs. con-
trol), series (A and B) and frequency (50, 80 and 110 Hz) 
were considered as fixed main effects, as were their interac-
tions. Participants were taken as a random factor. To com-
pare for vibration-induced changes, the mean MEP ampli-
tudes at each vibrating frequency were then normalized 
and expressed as a percentage of the mean control MEP 
for each muscle. Since there was no series main effect or 
interaction effect, series A and B were averaged and a two-
way repeated measures ANOVA was performed to com-
pare for mean vibration-induced changes with the factors 
frequency (50, 80 and 110 Hz vibration) and muscle (SOL, 
GM and TA in both vibrated and contralateral legs). When 
the ANOVA identified significant effects, post hoc Student–
Newman–Keuls testing was performed. Data are presented 
as mean ± SD. Statistical significance was set at P < 0.05.

Results

There was no main effect or interaction effect on back-
ground EMG activity, confirming the absence of voluntary 

activation and/or tonic vibratory reflex during vibration 
conditions. Table  1 presents the raw background EMG 
activities for all tested muscles. No series effect was found 
for MEP amplitude for the tested muscles. Raw traces are 
illustrated in Fig. 2, and raw MEP amplitudes (with series A 
and B averaged) are presented in Table 2. The linear mixed 
model identified a significant condition effect for the SOL 
and GM muscles, with increased MEP amplitude during 
vibration (P = 0.006, and 0.007, respectively). There was 
no effect of condition for the antagonist TA (P =  0.734) 
nor for the contralateral SOL, GM and TA (P  =  0.637, 
0.188 and 0.554, respectively). No effect of frequency was 
found, nor was there an interaction effect.

When expressing MEP amplitude as a percentage of 
the control MEP (Fig. 3), the two-way repeated measures 
ANOVA confirmed that there was no vibration frequency 
effect (P =  0.498). There was a significant muscle effect 
(P < 0.001) with the normalized vibrated SOL MEP ampli-
tude being significantly greater than all other tested mus-
cles (Fig. 2; P < 0.001).

Discussion

A fundamental result of the present study is the sig-
nificant increases in SOL and GM MEP amplitudes by 
226 ± 188 and 66 ± 39 %, respectively. Despite weaker 
corticomotoneuronal projections to lower-limb muscles, 
especially SOL (Brouwer and Ashby 1990), this finding 
is in accordance with studies reporting similar findings 
in various hand and wrist muscles when subjected to ten-
don or muscle vibration (Claus et  al. 1988; Kossev et  al. 
1999; Siggelkow et  al. 1999; Kossev et  al. 2001; Rosen-
kranz et  al. 2003; Rosenkranz and Rothwell 2003, 2006; 
Steyvers et  al. 2003). In the only study investigating the 
effects of whole-body vibration on leg muscle MEPs, SOL 

Fig. 1   Illustration of the experimental set-up

Table 1   Raw background EMG activities (µV) before stimulation of 
SOL, GM and TA muscles of both legs with (50, 80 and 110 Hz) and 
without (control) vibration

Series A and B are averaged. Data are presented as mean ± SD

Control 50 Hz 80 Hz 110 Hz

SOL

Vibrated side 7.1 ± 5.4 8.1 ± 4.3 8.9 ± 7.1 9.3 ± 6.1

Contralateral 11.4  ±  4.7 11.3 ± 5.8 10.9 ± 4.7 11 ± 4.8

GM

Vibrated side 13.9  ±  8.3 12.9 ± 8 14.2 ± 7.9 13.7 ± 7.7

Contralateral 13.6 ± 6.3 14.2 ± 6.3 15.4 ± 5.7 14.6 ± 5.7

TA

Vibrated side 5.7 ± 5.6 5.8 ± 5.6 5.8 ± 5.6 5.8 ± 5.7

Contralateral 4.2 ± 2.9 3.6 ± 2 3.8 ± 1.9 3.7 ± 1.9
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MEP amplitude was unaffected, while TA corticospinal 
excitability increased (Mileva et  al. 2009). In that study, 
TMS intensity was adjusted to be suprathreshold for TA 
(120  % of rMT for TA). Since corticomotoneuronal pro-
jections are stronger to the TA than to the SOL (Bawa et al. 
2002), the TMS intensity employed in Mileva et al. (2009) 
was likely too low to sufficiently depolarize SOL pyrami-
dal cells, possibly explaining the lack of changes in SOL 
MEP amplitude. Moreover, differences in vibration para-
digm may explain the discrepancy. While tendon vibration 
is known to mainly activate Ia afferents (Roll et al. 1989), 
whole-body vibration activates proprioceptive receptors of 
all antagonist/synergist muscles and sensory afferents of 
the foot sole, acting both bilaterally and simultaneously 

on motor and sensory afferents of all lower-limb muscles 
(Mileva et al. 2009).

In the present study, since both SOL and GM were solic-
ited by Achilles tendon vibration, an increase in their MEP 
amplitudes was expected. Interestingly, the magnitude 
of vibration-induced MEP amplitude increase was much 
greater for the SOL than GM. This discrepancy could be 
due to the fact that the density of muscle spindles is higher 
in SOL than in GM (Proske 1997), making the SOL more 
sensitive to vibration than the GM.

MEP amplitude depends on the synaptic relays of the 
corticospinal projections at both the cortical and spinal lev-
els (Devanne et  al. 1997). Thus, contribution of spinal or 
peripheral mechanisms to the increased MEP amplitudes 
cannot be ruled out. However, it was reported that M- and 
F-waves (two means of assessing sarcolemmal and moto-
neuronal excitability, respectively) remain unchanged dur-
ing vibration (Rollnik et  al. 2001). In preliminary experi-
mentation, we also investigated SOL and GM M-waves 
during vibration and found no effect of vibration (unpub-
lished data). Thus, MEPs were not normalized with regard 
to the M-wave in the present study. Moreover, it has been 
well-established that mechanisms causing increased MEP 
amplitude during vibration in the upper limbs are cortical 
in origin (Kossev et al. 1999). The preclusion of spinal con-
tributions in the present study is further supported by the 
unaffected postsynaptic excitability of SOL motoneurons 
during 25-Hz SOL vibration (Abbruzzese et al. 1997) and 
the absence of background EMG activity during Achilles 
tendon vibration. However, changes in spinal excitability 

Fig. 2   Example of MEP 
recordings. Raw traces of SOL, 
GM and TA muscles of vibrated 
and contralateral sides for one 
representative participant with 
(solid line) and without (dotted 
line) 50-Hz Achilles tendon 
vibration

Table 2   Raw MEP amplitudes (mV) of SOL, GM and TA muscles 
of both legs with (50, 80 and 110 Hz) and without (control) vibration

Series A and B are averaged. Data are presented as mean ± SD

Control 50 Hz 80 Hz 110 Hz

SOL

Vibrated side 0.23 ± 0.23 0.66 ± 0.43 0.55 ± 0.45 0.58 ± 0.48

Contralateral 0.23 ± 0.15 0.23 ± 0.17 0.24 ± 0.17 0.23 ± 0.19

GM

Vibrated side 0.29 ± 0.16 0.50 ± 0.27 0.48 ± 0.37 0.47 ± 0.28

Contralateral 0.28 ± 0.19 0.3 ± 0.24 0.32 ± 0.25 0.33 ± 0.28

TA

Vibrated side 1.37 ± 0.86 1.32 ± 0.89 1.49 ± 0.79 1.38 ± 0.8

Contralateral 1.22 ± 0.79 1.24 ± 0.82 1.41 ± 0.86 1.29 ± 0.80
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cannot be ruled out since vibration-induced Ia afferent 
activity may have partially depolarized motoneuronal cells 
without causing them to discharge. Thus, motoneurons 
would have been more responsive to subsequent TMS. In 
the future, investigation of cervicomedullary-evoked poten-
tials (McNeil et al. 2013) will enable verification that vibra-
tion has no impact on motoneuronal excitability that may 
have been undetectable with the present protocol.

Previous studies demonstrated that vibration-induced 
MEP amplitude increases may be directly mediated by 
the induced discharge of spindle primary endings and is 
frequency dependent (Siggelkow et  al. 1999; Steyvers 
et  al. 2003). Low (20 Hz) and high (160 Hz) frequencies 
were suggested to be ineffective in facilitating MEPs due 

to suboptimal and over-stimulation of Ia afferents, respec-
tively (Siggelkow et al. 1999; Steyvers et al. 2003). In the 
present study, the tested frequencies were within the range 
of optimal Ia afferent firing rate in response to vibration 
(Roll et  al. 1989). Since vibration-induced SOL and GM 
MEP amplitudes increased by similar magnitudes at vibra-
tion frequencies of 50, 80 and 110 Hz, it can be suggested 
that all three frequencies were similarly effective in modu-
lating MEP amplitude through their respective capacities to 
induce firing of Ia afferents.

The present study also investigated vibration-induced 
MEP changes in the antagonist TA. No changes in MEP 
amplitude were reported during vibration. This result is 
in opposition with previous upper-limb studies reporting 
decreased MEP size of antagonist muscles during ago-
nist vibration (Siggelkow et  al. 1999; Kossev et  al. 2001; 
Rosenkranz et  al. 2003; Rosenkranz and Rothwell 2003, 
2006). Despite the recognized antagonist inhibition in 
upper-limb muscles during vibration, the present study 
did not observe antagonist inhibition during Achilles ten-
don vibration. Further studies are needed to explain this 
discrepancy.

In the present study, no effects were reported in con-
tralateral muscles. Conversely, a non-significant increase 
in contralateral agonist MEP area was reported in a study 
investigating crossed-effects of extensor carpi radialis 
muscle vibration (Kossev et  al. 2001). The authors also 
reported a significant decrease in contralateral antagonist 
MEP area. It was suggested that the facilitatory action of 
muscle vibration may be mediated via transcallosal path-
ways that in turn cause inhibition of cortical outputs to the 
contralateral antagonist (Kossev et  al. 2001). It was more 
recently reported that vibration-induced proprioceptive 
input in the first dorsal interosseous may reduce the MEP 
amplitude of the contralateral homologous muscle with 
effects occurring in the cortex ipsilateral to the stimulus 
and mediated via transcallosal fibres (Swayne et al. 2006). 
Discrepancies with the present study in leg muscles remain 
to be elucidated.

In conclusion, Achilles tendon vibration increased 
MEP amplitude of plantar flexor muscles, suggesting the 
ability of vibration to modulate plantar flexor corticospi-
nal excitability. While other vibration paradigms have 
demonstrated efficacy such as repeated flexor carpi radia-
lis and biceps brachii vibration in neurorehabilitation and 
motor recovery in stroke patients (Marconi et  al. 2011), 
further investigations must now focus on the effects on 
corticospinal excitability with chronic Achilles tendon 
vibration. For instance, long-term potentiation of corti-
cospinal excitability would be beneficial in rehabilitation 
as a countermeasure to the reduced neural drive observed 
in early stages of immobilization (Duchateau 1995; Gon-
din et al. 2004).

Fig. 3   Effect of frequency on vibration-induced MEP amplitude 
changes. Mean (±SD) MEP amplitudes as a function of vibration 
frequency (50 Hz in white; 80 Hz in grey; and 110 Hz in black) for 
each tested muscle. MEP amplitudes are expressed as a percentage of 
the mean control MEP elicited at rest without vibration. Mean control 
MEP (i.e. 100 % on the figure) is represented by the black dotted line. 
Results are presented for the SOL, GM and TA of the right vibrated 
leg (a) and for the contralateral non-vibrated leg (b). *Significant dif-
ferences in absolute MEP amplitude value when compared to control 
condition. At all three frequencies, the vibrated SOL increased sig-
nificantly more than all other tested muscles (#P < 0.001)
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