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Objective: The effects of a novel repeated muscle vibration intervention (rMV; 100 Hz, 90 min over 3
consecutive days) on corticomotor excitability were studied in healthy subjects.

Methods: MV was applied over the flexor carpi radialis (FCR) during voluntary contraction (experiment 1),
during relaxation and during contraction without vibration (experiment 2). Focal transcranial magnetic
stimulation (TMS) was applied before rMV and one hour, and one, two and three weeks after the last muscle
Keywords: vibration intervention. At each of these time points, we assessed the motor map area and volume in the FCR,
Motor cortex extensor digitorum communis (EDC) and abductor digiti minimi (ADM). Short-interval intracortical
T™S inhibition (SICI) and facilitation (ICF) were tested for the flexor/extensor muscles alone.

Intracortical inhibition Results: Following rMV under voluntary contraction, we observed a significant reduction in the FCR map
Muscle vibration volumes and an enhancement in the EDC. SICI was increased in the FCR and reduced in the EDC. These
Cortical plasticity changes persisted for up to two weeks and occurred at the cortical level in the hemisphere contralateral to
Neurorehabilitation the side of the intervention.

Conclusion: We conclude that rMV, applied during a voluntary contraction, may induce prolonged changes in
the excitatory/inhibitory state of the primary motor cortex. These findings may represent an important
advance in motor disorder rehabilitation.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction Muscle vibration is a strong proprioceptive stimulus, which, at low

amplitude, preferentially produces la afferent input [20-22]. Such a
powerful input reaches both the SI [23,24] and M1 directly [25]. Data
derived from non-human primates have shown that Group la afferent
stimulation, induced by trains of low-amplitude vibration, affects the

In recent years, a growing body of evidence has demonstrated the
capacity of the somatosensory cortex to undergo remodeling in response
to various environmental changes, e.g. long periods of repeated sensory

input [1]. Furthermore, alterations in sensory input have been shown discharge of M1 cells, which indicates that motorcortical neuron

to induce, in both animals and humans, a reorganization in the pri-  activity is modulated by proprioceptive input arising from Ia afferents
mary motor cortex [2-9]. Indeed, evidence strongly suggests that a period [26].

of pure sensory stimulation can affect motorcortical excitability [10-15].
Moreover, research on animals has provided the neuroanatomical
substrate for these effects by discovering topographically
and functionally specific corticocortical connections that link primary
somatosensory (SI) and motor (M1) cortices [16,17]. Recent studies
on humans have confirmed the functional relevance of these connections,
highlighting the role played by somatosensory afferents combined with
intrinsic motor cortical circuits in inducing plasticity in M1 [18,19].
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Interestingly, many previous transcranial magnetic stimulation
(TMS) studies have shown that low amplitude vibration of a muscle is
able to induce different changes in corticomotor excitability of the
vibrated versus non-vibrated muscle [27-35].

These somatotopically-organized effects, observed in M1 after
peripheral stimulation, may be ascribable to the afore-mentioned
pattern of SI-M1 connections, which modify muscle representations
that are “homotopic” relative to the stimulation site [36-38].

Moreover, in two recent studies, a repeated (90 min over 3
consecutive days) muscle vibration (rMV) intervention induced long-
term changes in motor performance in both healthy subjects and
patients [39,40]. These changes consisted of an improvement in
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postural stability, in resistance to fatigue, as well as in the rise time of
the maximal isometric force, which lasted for up to 2 weeks. One
conceivable explanation for these results is that this intervention
induces long-lasting neuroplastic changes in the network underlying
motor control.

Furthermore, since several studies have highlighted the role played
by the combination of somatosensory afferents and motor cortical
circuit activity in driving plasticity in M1 [18,19], here we explore the
long-term after-effects of a rMV protocol applied over the flexor carpi
radialis (FCR) during voluntary contraction. We tested this hypothesis
using TMS in healthy subjects before and at several time points after
the last muscle vibration.

To the best of our knowledge, this is the first study in which the
after-effects of muscle vibration have been investigated up to three
weeks after the last intervention.

2. Materials and methods
2.1. Participants

Twenty-six healthy volunteers (eleven women and fifteen men;
mean age: 35.1£10.1 years) were enrolled for the purposes of this
study, which was approved by the local ethics committee. All the
volunteers were right-handed, as confirmed by the Edinburgh
Handedness Inventory Scale [41], and all gave their written informed
consent. None were aware of the aims of the study. All the experiments
conformed to the Declaration of Helsinki. The volunteers were
randomly assigned to one of the three experiments performed.

2.2. Transcranial magnetic stimulation

TMS was performed using two Magstim 200 stimulators (Magstim,
Dyfed, UK) connected to a figure-of-eight-shaped coil (7 cm internal
diameter). An adherent, inelastic cap was placed over the participant's
head, and the reference to an anatomical landmark (intersection of the
interaural line and the nasion-inion connection, Cz, in the 10-20
International System) was taken. The coil was held with the handle
pointing backwards and sideways, approximately 45° to the midline, to
evoke anteriorly directed current in the brain. The optimal position
(hot spot) for eliciting motor-evoked potentials (MEPs) from the target
muscle, the FCR, was identified in each individual; the motor threshold
at rest (RMT) was then assessed in a step-wise fashion and defined as
the lowest stimulation intensity required to evoke MEPs larger than
50V in at least 50% of the trials [42]. Stimulation intensities are quoted
as a percentage of maximal stimulator output. To map out the muscle
representation, a 49-position grid (10.5x10.5 cm) was fixed on the
subject's head and centred on the FCR hot spot (Fig. 1). The stimulator
was set at 120% of the RMT and 5 stimuli were delivered to each grid
point; the averaged MEPs were stored on disk and measured off-line
according to standardized procedures. The motor cortex was examined
in the rostral, dorsal, lateral and medial directions in steps of 1.5 cm
until no further MEP could be elicited. A site was defined as excitable
when TMS elicited at least two reproducible MEPs with an amplitude
of at least 50 nV. Once mapping of the FCR muscle representation was
completed, hot spot, RMT and motor map representations were also
identified for the EDC and ADM muscles by means of the same
experimental procedures as those used for the FCR.

Intracortical excitability in the FCR and ECD muscles was investiga-
ted using the paired-pulse protocol [43], with a supra-threshold test
stimulus preceded by a sub-threshold conditioning magnetic stimulus.
Seven different interstimulus intervals (ISI) were tested: ISIs of 1,2, 3 and
5 ms were measured to study short-interval intracortical inhibition
(SICI), while ISIs of 7,10 and 15 ms were measured to study intracortical
facilitation (ICF). SICI and ICF were recorded separately for the two afore-
mentioned muscles. The intensity of the conditioning stimulus (CS)
was set at 70% of the RMT. In each experimental session, the intensity
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Fig. 1. a) Schematic head with a grid of 49 positions, spaced 1.5 cm along both the
medio-lateral and antero-posterior axes, lying over the motor cortex (M1) that shows
the stimulated scalp sites. The Cz represents the intersection of the interaural line and
the nasion-inion connection. b) The figure shows MEPs obtained from the FCR, EDC, and
ADM at the hot spot (grey square) of a representative subject; the motor responses
(MEPs) were acquired before the intervention (pre-rMV), and one (post-2) and two
(post-3) weeks after the end of the intervention. The MEP amplitudes decrease in the
FCR muscle and increase in the EDC at post-2 and post-3. Given the similarity of the
pattern displayed by the muscles at post-1, this time point is not shown; since the MEP
amplitude at post-4 was virtually equal to that at pre-rMV, the pre-rMV data have not
been shown either. No MEP amplitude changes are visible for the ADM muscle.

of the test stimulus (TS) was adjusted to evoke a MEP amplitude of
~0.7 mV. SICI and ICF were investigated in blocks of trials consisting of
several randomly intermixed conditions (TS alone or preceded by the CS
at different interstimulus intervals), each presented 10 times. The time
between two consecutive trials was always 5+20% s. During the TMS
experiments, subjects were comfortably seated in an armchair with both
forearms pronated and positioned on a pillow.

2.3. EMG recordings and H reflex

A surface EMG was recorded from the FCR, EDC and ADM muscles
with silver-silver chloride electrodes taped in a belly-tendon mon-
tage. EMG signals were amplified with gain set at 3000 (Digitimer
D360 amplifier; Digitimer Ltd, Welwyn Garden City, Herts, UK), band-
pass filtered (30 Hz to 2 kHz), then recorded by means of a computer
using SIGNAL software (Cambridge Electronic Design, Cambridge, UK)
with a sampling rate of 5 kHz per channel. An audio-feedback was used
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to ensure that total relaxation was maintained. Trials with voluntary
EMG activity that might confound the MEP measurements were
excluded from the analysis.

The H reflex was recorded from the FCR muscle with surface
electrodes. It was elicited by electrical stimulation of the median nerve
at the antecubital fossa with a 1 ms square-wave constant current (5 s
interval). The M wave was elicited during supramaximal stimulation
of the nerve; the stimulation intensity was varied to obtain the
maximal H wave amplitude (Hax). The amplitudes of the maximum
motor responses (Mmax) and Hpax were measured peak to peak; 10
responses were averaged for each subject and the H/M ratio was
calculated. The EMG signal was amplified (1 mV/D) and band-pass
filtered (2 to 10,000 Hz) with a Medtronic Key-point electromyo-
graphy, before being stored on a personal computer for off-line
analysis.

2.4. rMV intervention

Low-amplitude rMV at a fixed frequency of 100 Hz was applied
over the target muscle, i.e. the FCR, by means of a specific commercial
device (Cro®System, NEMOCO srl, Italy), previously used in similar
protocols [39,40]. Briefly, the instrument consists of an electromecha-
nical transducer, a specific mechanical support and an electronic
control device. The transducer was positioned over the FCR muscle in
a point approximately corresponding to its maximal transversal size.
The vibration was applied by means of a small probe with a 10 mm
diameter directly over the FCR muscle belly. The transducer was
driven to produce sinusoidally modulated forces ranging between 7
and 9 N. The vibration amplitude ranged from 0.05 to 0.1 mm, which
was sufficient to drive Ia spindle afferents [20], to avoid muscle fiber
injury [44] and subthreshold for the tonic vibration reflex (TVR)
[45,46]. The evaluation of displacement was performed by means of
an infrared sensor that detected an infrared LED orthogonally placed
on the lateral face of the vibrator tip. Moreover, since vibration of a
contracted muscle is more likely to induce TVR [46,47], we verified
that TVR was absent by means of continuous EMG monitoring [48].

The mechanical support allowed soft tissues overlying the muscle-
tendon complex to be progressively compressed so as to minimize
superficial tissue compliance.

During the rMV, subjects were invited to assume a comfortable
position on a chair, with their forearm positioned on a table and the
hand supinated. The muscle vibration intervention was applied over 3
consecutive days, 3 times a day, with each application lasting 10 min.
The 3 applications on the same day were separated by a 60 s interval,
during which the stimulus was removed and the subject's muscles
could relax.

2.5. Main experiment (Exp. 1): long-term effects of rMV under voluntary
contraction condition

Ten subjects were asked to maintain a voluntary isometric wrist
flexion during the rMV intervention (VC=vibration+contraction) at
20% of the maximal voluntary contraction (MVC), as assessed by visual
EMG feedback.

The following neurophysiological parameters were studied and
averaged across subjects:

1) Motor threshold at rest (RMT) for the FCR, EDC and ADM.

2) Map area, defined as the number of scalp positions whose
stimulation evoked MEPs in that muscle. The mean motor map
area for each muscle was defined as the number of “active” sites in
all the participants divided by the number of participants. The map
area was obtained from the FCR, EDC and ADM.

3) Map volume. The mean MEP amplitude for each scalp site was first
calculated, and the amplitudes of all the positions were then
summed to obtain the map volume. Lastly, the mean value for each

site was calculated and averaged for all the participants; a site was
only included in the averaged maps if present in all the subjects.
The map volume was obtained from the FCR, EDC and ADM.

4) SICI/ICF in the FCR and EDC.

5) H reflex from the FCR muscle (6/10 subjects).

Recordings were performed at the following time points: before the
intervention (pre-rMV) and one hour (post-1), and one (post-2), two
(post-3) and three (post-4) weeks after the end of muscle vibration
(performed on the day 3). Both the right ipsilateral hemisphere (RH)
and the left contralateral hemisphere (LH), relative to the side of the
rMV intervention (i.e. right FCR), were studied in all the subjects to
calculate the area and volume. The LH alone was studied in all the
subjects to determine SICI/ICE.

2.6. Control experiment (Exp. 2): effects of rMV under muscular relaxation.
Effects of contraction without vibration

Two additional conditions were assessed in this experiment. In one
group of 5 subjects, the vibratory stimulus was applied with the wrist
totally relaxed (VR=vibration+relaxation) and the hand resting on
the table surface; audio-feedback EMG was used to ensure that total
relaxation was maintained. In another group, 5 subjects were asked
to maintain a voluntary isometric wrist flexion using the same pro-
cedure as in experiment 1, but did not receive the vibratory stimulus
(CTR=contraction without vibration); visual EMG feedback was used to
ensure that 20% of the MVC was maintained. The RMT, motor map area
and volume and SICI/ICF were recorded as in experiment 1, at the same
time points. The LH alone was studied in this control experiment.

2.7. Control experiment (Exp. 3): short-term effects of single MV under
voluntary contraction condition

A further six subjects participated in this experiment. Here, the
short-term after effects of a single (10 min) muscle vibration (sMV)
intervention on the FCR were tested. The RMT, MEP amplitude, SICI
(ISI 3 ms) and ICF (ISI 10 ms) were measured over the FCR and EDC
muscles. Recordings were performed at the following time points:
before the intervention (pre-sMV) and 15, 30 and 45 min after the end
of the intervention, which was performed during wrist flexion. The LH
alone was studied in this control experiment.

2.8. Data analysis

For the RMT, area and volume, the effects of the rMV intervention
were quantified by measuring the peak-to-peak MEP amplitudes of
all the muscles to single pulse TMS offline. The relative inhibition and
facilitation for SICI/ICF were expressed as the ratio between the CS and
test MEP size.

We applied analysis of variance (ANOVA) for repeated measures
as the main statistical procedure, in which factors were always consi-
dered as within-subject.

Exp. 1. Three-way ANOVAs (hemispherexmusclextime) were used
to assess the effects of rMV on the RMT, area and volume, relative to
the time of intervention (5 levels) for the FCR, EDC and ADM muscles.
Further 3-way ANOVAs (muscle x ISIx time) were undertaken to deter-
mine SICI/ICF in the FCR and EDC. Moreover, 1-way ANOVA, with time
as the within factor, was performed to assess possible spinal cord
excitability changes after the rMV intervention by measuring the H/M
ratio in the FCR of the VC group.

Exp. 2. Two-way (muscle x time) and 3-way ANOVAs (muscle x ISI x time)
were performed separately for the VR and CTR groups on the same
neurophysiological parameters as those studied in Exp. 1 to rule out the
possibility of long-term effects induced by either vibration (VR group)
or contraction (CTR group) alone.
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Fig. 2. Histograms (mean values+SD) of all the muscle map volumes (FCR, EDC and ADM) in the VC (a), VR (b) and CTR (c) groups, before the intervention (pre-rMV, line with
triangles) and one hour (post-1), and one (post-2), two (post-3) and three (post-4) weeks after the end of the intervention. The FCR map volumes significantly decrease while the EDC
map volume increases at post-1, post-2 and post-3, when compared with pre-rMV, in the VC group alone. At post-4, both the flexor and extensor MEP amplitudes return to their
baseline values (pre-rMV). No significant change in map volume was observed for the ADM muscle. Lastly, there are no significant differences in the map volumes of either the VR or
CTR groups in any of the muscles (all p>0.05) at any of the time points when compared with pre-rMV. Asterisks indicate significant differences from the baseline values (pre-rMV)
(see Results for details).

post-3

midline

post-2

Fig. 3. Two-dimensional (2-D) cortical maps of the FCR and EDC muscles before and at the different time points after rMV in the VC group. Map volumes of the FCR and EDC muscles
are shown at the baseline (pre-rMV), at post-2 and post-3. An evident decrease in the FCR map volume can be seen at post-2 and post-3, while the EDC map volume pattern is
reversed at the same time points. The post-1 time point has not been shown because the data from this time point parallel those at post-2 and post-3. The post-4 (not shown) map
volumes are virtually the same as the pre-rMV map volumes. The color coded palette of each map ranges from dark (0 mV) to light green (0.5 mV). The scale bar used is 1.5 cm for both
the x and y axes. The other conventions are the same as those in Fig. 1.
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Exp. 3. Two-way (muscle x time) and 3-way ANOVAs (muscle xISIx time)
were undertaken to assess the MEP amplitudes and SICI/ICF in the
FCR and EDC muscles, relative to the time of intervention (4 levels).

Post-hoc comparisons (Tukey's test) were performed when the
interaction was statistically significant. The assumption of sphericity,
which was checked by means of Mauchly's test, was not significant;
no correction was applied to the degrees of freedom. Student's t-test
was used when two means were compared.

The p value level of significance throughout the statistical analysis
was set at 0.05, considering Bonferroni correction.

3. Results

3.1. Main experiment (Exp. 1): long-term effects of rMV on corticomotor
excitability during contraction

The mean RMT obtained from the hemisphere contralateral to
the rMV (LH) before the intervention was 45.2+5.6%, 41.4+7.9%
and 36.1+£6.2% for the FCR, EDC and ADM, respectively. There were
no significant differences in the RMT between the two hemispheres.
ANOVA did not reveal any significant differences in the RMT after rMV
of the FCR at any of the time points considered (p>0.05) for any of
the afore-mentioned muscles. Moreover, ANOVA showed that the
mean map areas observed at pre-rMV (FCR=6.6+1.3; EDC=7.5+2.8;
ADM=9.2+1.9) did not change at any of the subsequent time points
(p>0.05) in any of the muscles. The mean amplitudes of the H and M
waves in the FCR muscle at pre-rMV were 0.9+0.2 mV and 8.1+
0.2 mV, respectively (H/M ratio=0.11£0.03). ANOVA showed that,
after rMV, the H/M amplitude ratio did not change at any of the time
points either (p>0.05).

3.1.1. Persisting effects of rMV on cortical map volume

Data analysis of the map volumes revealed that the main factors
hemisphere [F (1,9)=8.42; p=0.018], muscle [F(2,18)=19.92; p<0.001]
and time [F(4,36)=24.08; p<0.001], as well as their interactions
hemisphere xmuscle [F(2,18)=16.62; p<0.001], hemisphere x time
[F(4,36)=23.40; p<0.001], musclextime [F(8,72)=35.47; p<0.001]
and hemispherex musclextime [F(8,72)=10.51; p<0.001], were
all significant. Post-hoc comparisons revealed that the FCR motor
map volume was significantly reduced at post-1 (p=0.011), post-2
(p=0.029) and post-3 (p=0.032) when compared with pre-rMV
(Fig. 2-a). This reduction in map volumes induced by rMV on the
FCR can also be observed in the two-dimensional (2-D) maps shown
in Fig. 3. Given the similarity between the results at post-1 and
those at post-2 and -3, the post-1 results have not been shown.
By contrast, the results obtained from the EDC muscle revealed
that the motor map volumes were significantly increased at post-1
(p=0.030), post-2 (p=0.014) and post-3 (p=0.010) when compared
with pre-rMV (Fig. 2-a). The increase in map volumes induced by
rMV on the EDC muscle can also be observed in the 2-D maps shown
in Fig. 3. Neither the reduction observed in the FCR motor maps nor
the increase observed in the EDC maps was maintained at post-4
(Fig. 2-a). Data relative to the ADM muscle map volume did not
reveal any significant differences in any of the main factors either.

3.1.2. Persisting effects of rMV on short-interval intracortical
inhibition (SICI)

The 3-way ANOVA (musclexISIxtime) performed to assess
differences in SICI/ICF after rMV of the FCR showed that the main
factors muscle [F(1,9)=57.30; p<0.001], ISI [F(6,54)=90.45; p<0.001]
and time [F(4,36)=66.95; p<0.001], as well as their interac-
tions musclexISI [F(6,54)=25.59; p<0.001], musclextime [F(4,36)=
96.36; p<0.001], ISIx time [F(24,216)=78.05; p<0.001] and muscle xI-
SIxtime [F(24,216)=80.33; p<0.001], were significant. Post-hoc
comparisons revealed that SICI for the FCR muscle was significantly
increased for the 2 ms (all p<0.001), 3 ms (all p<0.01) and 5 ms (all
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Fig. 4. Short-interval intracortical inhibition (SICI) and facilitation (ICF) in the FCR and
EDC muscles of the VC group before and at the different time points after rMV
(Experiment 1). The interstimulus intervals (ISIs in ms) are shown on the horizontal
axis, while the vertical axis shows the size of the conditioned test response expressed in
relation to the size of the unconditioned test response (mean values+SD). There is a
significant increase in SICI (ISIs of 2, 3 and 5 ms) in the FCR muscle at post-1, post-2 and
post-3 when compared with pre-rMV (line with squares). By contrast, there is a
significant decrease in SICI (ISIs of 2 and 3 ms) in the EDC muscle post-1, post-2 and
post-3 when compared with pre-rMV. SICI relative to both flexor and extensor muscles
returns to its baseline value at post-4. No changes in ICF emerge for any of the muscles
at any of the time points. The other conventions are the same as those in Fig. 2.

p<0.01) ISIs at post-1 (p=0.002), post-2 (p=0.008) and post-3
(p=0.009) when compared with pre-rMV (Fig. 4). By contrast, SICI
for the EDC muscle was significantly reduced for the 2 ms and 3 ms (all
p<0.01) ISIs at post-1 (p=0.009), post-2 (p=0.002) and post-3
(p=0.007) when compared with pre-rMV (Fig. 4).

No significant effect was observed in ICF (7,10 and 15 ms ISIs) for
either the FCR or EDC muscles. Neither the increase nor the reduction
following rMV in the flexor and extensor SICI, respectively, was main-
tained at post-4 (Fig. 4).

3.2. Control experiment (Exp. 2): effects of rMV during muscular relaxation
and effects of contraction without vibration

The mean RMT obtained from the LH of the VR group before rMV
were 45.8+6.2%, 42.3+5.2% and 37.4+5.7% for the FCR, EDC and ADM,
respectively. ANOVA did not reveal any significant differences in the
RMT after rMV of the FCR at any of the time points considered
(p>0.05) for any of the afore-mentioned muscles. Moreover, ANOVA
showed that the mean map areas observed at pre-rMV (FCR=5.8£3.2;
EDC=7.4%3.8; ADM=9.9+3.8) did not change at any of the subsequent
time points (p>0.05) in any of the muscles.

The mean RMT obtained from the LH of the CTR group before
voluntary contraction were 47.3 +5.3%, 44.4+5.4% and 35.4+5.9% for the
FCR, EDC and ADM, respectively. ANOVA did not reveal any significant
differences in the RMT of the FCR at any of the time points considered
(p>0.05) for any of the afore-mentioned muscles. Moreover, ANOVA
showed that the mean map areas observed before voluntary contraction
(FCR=6.414.2; EDC=6.9+2.7; ADM=10.1£4.2) did not change at any of
the subsequent time points (p>0.05) in any of the muscles. The data



56 B. Marconi et al. / Journal of the Neurological Sciences 275 (2008) 51-59

Exp. 3 a)
i- *
s I L””"‘l"_'l
E * —a— pre-sMV
) ® — post-1
= 1 ‘I‘ == post-2
= 0.51 = post-3
ol
g |
<
-9
o
E B
0 —a— pre-sMV
FCR EDC — post-1
== posl-2
b) == post-3
~ 160 FCR ; 160 EDC
f=l
g [
=
,8 120 A 120 T
3 /
=
E 80 . 80 il
=
] [ 2 I
£ 40 40
o
-9
53
= 0
3 ms (SICI) 10 ms (ICF) 3 ms (SICI) 10 ms (ICF)

Fig. 5. MEP amplitudes (a), SICI and ICF (b) obtained from the hot spot of the FCR and EDC muscles before and at the different short time points after SMV (Experiment 3). There is a
significant decrease in the FCR MEP amplitudes 30 (post-2) and 45 min (post-3) after sMV when compared with pre-sMV (line with squares). By contrast, there is a significant
increase in the EDC MEP amplitudes at post-2 and post-3 when compared with pre-sMV. The SICI (ISI 3 ms) significantly increases in the FCR at post-2 and post-3 when compared
with pre-sMV, but decreases in the EDC at the same time points. No changes in ICF emerge for either the flexor or extensor muscles at any of the time points after sMV. The other

conventions are the same as those in Fig. 4.

relative to the map volume of both the VR and CTR groups are shown in
Fig. 2. The 2-way ANOVAs (muscle xtime) performed on both experi-
mental conditions did not reveal any significant differences in map
volumes in either the VR (Fig. 2-b) or CTR (Fig. 2-c) at any of the time
points (all p>0.05). Moreover, the 3-way ANOVAs (muscle xISIx time)
performed separately on the VR and CTR groups did not detect any
significant differences in either SICI or ICF in any of the muscles studied
at any of the time points (all p>0.05).

3.3. Control experiment (Exp. 3): short-term effects of SMV on corticomotor
excitability during contraction

The data of this experiment were obtained before, and 15, 30 and
45 min after the application of a 10-minute MV (sMV). The mean RMT
obtained from the LH before sMV was 46.3+4.9% and 44.6+6.5% for the
FCR and EDC, respectively. ANOVA did not reveal any significant
differences in the RMT between pre-sMV and any of the subsequent
time points studied (15, 30 and 45 min after the end of intervention) (all
p>0.05). The data relative to the MEP amplitude before and after the sSMV
are shown in Fig. 5-a. The 2-way ANOVA (musclextime) performed to
detect any differences in single MEPs after sMV of the FCR showed that
both the main factors muscle [F(1,5)=32.66; p=0.002] and time [F3,15)=
9.11; p=0.001], as well as their interaction musclex time [F(3,15)=55.47;
p<0.001], were significant. Post-hoc comparisons revealed that the MEP
amplitude of the FCR significantly decreased 30 (p=0.022) and 45 min
(p=0.044) after the end of the sMV intervention. By contrast, the MEP
amplitude of the EDC significantly increased 30 (p=0.022) and 45 min
(p=0.044) after the end of the sMV intervention (Fig. 5-a).

The 3-way ANOVA (musclexISIxtime) performed to detect any
differences in SICI/ICF after sMV of the FCR showed that the main
factors muscle [F(1,5)=20.58; p=0.006], ISI [F(1,5)=70.56; p<0.001]
and time [F3,15)=6.61; p=0.004], as well as their interactions muscle xISI
|F(1,5)=23.63; p=0.004], musclextime [F3,15)=7.69; p=0.002] and
musclexISIxtime [F3,15)=12.81; p<0.001], were significant. Post-hoc

comparisons revealed that SICI for the FCR muscle (3 ms) significantly
increased 30 (p=0.042) and 45 min (p=0.004) after the end of the SMV
intervention when compared with pre-sMV (Fig. 5-b). By contrast, SICI
for the EDC muscle was significantly reduced 30 (p=0.015) and 45 min
(p=0.018) after the end of the sSMV intervention when compared with pre-
sMV (Fig. 5-b). No significant effect was observed in ICF (10 ms) for either
the FCR or EDC muscles after sMV when compared with pre-sMV.

4. Discussion

The present experiments show that a repeated muscle vibration
(rMV) intervention, applied during a voluntary contraction of the target
muscle (i.e. FCR), induced long-lasting cortical excitability changes in M1
contralateral to the side of the intervention that persist up to two weeks
in healthy subjects. These effects consist of a significant reduction in the
cortical map volume of the FCR in concomitance with an increase in the
map volume of the antagonist muscle (EDC). In addition, SICI increased
in the FCR and decreased in the EDC. There was no effect on ICF in either
the flexor or extensor muscles. No changes were observed in the map
volume of the hand muscle (ADM), which suggests that the rMV
intervention induced a specific activation in the cortical representa-
tion of the target muscle. Moreover, three weeks after the end of the rMV
intervention, all the neurophysiological parameters had returned to
their pre-intervention values. In addition, although rMV did not affect
the H reflex, the possibility that other subcortical changes might have
had an additional effect on MEP amplitude modulation cannot be ruled
out.

Although our findings confirm the well-known capability of
vibratory stimulation to modify corticomotor excitability [27-35], if
compared with findings from previously published studies, they con-
tain important novel elements as well as some discrepancies.

The most important novel element in the present study is the re-
markable persistence of the corticomotor excitability changes induced
by our protocol.
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Moreover, whereas the intervention in our study inhibited the
cortical representation of the target muscle, the majority of previous
studies have shown that a short period of muscle vibration applied to
a target muscle increased motor-evoked potentials and decreased SICI
in the vibrated muscle, and had the opposite effect on the neigh-
bouring and/or antagonist non-vibrated muscles [28-31,33].

We believe that the particular characteristics of the protocol used
in the present study may in part account for these discrepancies.

4.1. Sensorimotor combined activation as a possible mechanism underlying
the long-lasting after-effects on corticomotor excitability

The main finding of this study are the noticeable long-term after-
effects (up to 2 weeks) induced in corticomotor excitability by our
protocol; as described above, it is characterized by repeated periods
of sensory stimulation (over three days) as well as by a constant
voluntary contraction of the target muscle during the intervention.
These features are peculiar to the protocol used in the present study,
since the majority of previously published studies have applied
muscle vibration to relaxed hand and/or forearm muscles [27-35].

In addition, the vibration frequency was set at 100 Hz, i.e. within a
range (75-120 Hz) that seems to be particularly effective on the central
nervous network underlying motor control [49]. Interestingly, data from
animal research have shown that both vibration exposure time and
frequency are closely related to long-term potentiation/depression (LTP/
LTD) [50-52]. Moreover, it is noteworthy that a number of findings
support the notion that M1 plasticity is driven by the combined activity
of somatosensory afferents and intracortical motor circuits [18,19] and
that this interaction plays a crucial role in cortical reorganization [53].
These modifications may be ascribed to the specific functional pattern of
connections linking SI and M1 homotopic sites [16,17]. In this regard, it
has been demonstrated that the main sensory inputs to the motor cortex
terminate on interneurons in the superficial cortical layers Il and III,
which have both excitatory and inhibitory effects on the corticofugal
cells of layers V and VI [54-58], thus suggesting that SI stimulation
influences the pyramidal tract neurons in different ways.

In the light of these findings, we suggest that the prolonged
activation of the descending volley, induced by the ongoing muscle
contraction with ascending volleys, might explain, at least in part, the
long-lasting changes in corticomotor excitability of the target muscle
(i.e. inhibition) as well as of its functional antagonist (i.e. facilitation).

A possible neurophysiological correlate, underlying the prolonged
after-effects, may be changes in the strength of the afore-mentioned
corticocortical connections, following a Hebbian-like mechanism of
synaptic plasticity.

4.2. Peculiar features of our protocol as possible mechanisms underlying
the long-lasting inhibitory changes in the target muscle

Another interesting finding that emerged from the present experi-
ments is that our rMV intervention reduced the amplitude of MEPs, and
therefore map volume, in the target flexor (FCR) muscle and facilitated
motor responses and map volume in the antagonist extensor muscle
(EDC). Moreover, SICI increased in the FCR and decreased in the EDC.

By contrast, most previous TMS studies have shown a different (i.e.
inverse) MEP modulation. Indeed, muscle vibration was shown to
increase MEP amplitude and decrease SICI in the target muscle, but
suppress motor responses and increase SICI in all the non-vibrated
muscles [27-31,33,34].

In particular, in studies in which MEPs were recorded from both
extensor/flexor forearm muscles [28,29], muscle vibration increased
MEPs in the vibrated muscle and simultaneously depressed motor
responses in the non-vibrated/antagonist muscle. The latter phenom-
enon might result from a reciprocal mechanism of inhibition as well as
from the inhibitory action of muscle afferents on corticospinal output
to the antagonist muscle [59].

However, some characteristics of the protocol applied in the present
study (e.g. the very long vibration exposure time) may partially account
for the differences in the results between our study and previous studies.
Indeed, the muscle vibration intervention in our study was applied over
3 consecutive days, 3 times a day, (each application lasting 10 min)
during contraction of the target muscle (Experiment 1). By contrast,
most previously published studies applied a far shorter period of mus-
cle vibration, lasting a few seconds [28,30,31,60] or repeated cycles of
15 min (2 s on, 2 s off) [33,34].

Interestingly, the application of prolonged vibratory stimulation
(up to 60 min) to the wrist flexor results in a persistent increase (up to
30 or 60 min) in the MEP amplitude, motor area and volume of the
antagonist extensor muscle [32,35]. However, whereas Steyvers et al.
[32] reported an additional increase in corticomotor excitability of the
vibrated muscle in their study, Forder-Cordero et al. [35] did not ob-
serve any significant changes in the vibrated muscle.

Along this vein, it seems plausible that differences in the protocols
applied in the various studies (e.g. vibration exposure time, muscle
condition, time point at which the TMS investigation started) may
dramatically change the effects observed in target muscle cortical
excitability, promoting a shift toward facilitation or inhibition.

Therefore, since it has been demonstrated that the maintenance of
a minimal voluntary contraction down-regulates inhibitory neurons
[61], we may speculate that the “switching off” of intracortical in-
hibitory circuits creates a different (i.e. more facilitated) neurophy-
siological substrate on which Ia afferents may operate.

Moreover, since we found a very similar pattern to that observed in
the main experiment even when a single muscle vibration lasting
10 min was applied (Experiment 3), it seems reasonable to suggest
that the inhibitory effects induced by a repeated intervention may
consolidate the changes induced by a single intervention over a longer
period of time.

Finally, although the mechanisms underlying the afore-described
cortical excitability changes are not yet clear, it is conceivable that the
extraordinarily long exposure time to stimulation, combined with the
maintenance of a contraction during the intervention, plays a crucial
role in inducing the prolonged inhibition observed in the vibrated
muscle.

One alternative explanation may be a shift toward inhibition (i.e. a
temporal profile of the GABA-ergic circuits) [62,63] that may occur at
some point after the end of stimulation. Further studies, based on a
very strict, prolonged time course, are warranted to investigate this
hypothesis.

4.3. Possible clinical implications

In the present study, we demonstrate that rMV induces a sig-
nificant, long-lasting increase in SICI of the target muscle (FCR) and an
inverse pattern in its functional antagonist (EDC), which might reflect
a parallel up- and down-regulation of the GABA-ergic circuits in cor-
tical areas controlling the pair of antagonists.

Although the mechanisms underlying intracortical inhibitory sys-
tems are not yet clear [64], there is evidence that SICI is altered in
several pathological conditions, such as stroke [65] and amputees [3,8],
that are characterized by the suppression of SICI and a shift toward
enhanced excitation. Interestingly, increased SICI has been shown to
parallel motor functional recovery after stroke [66]. In addition, it has
been demonstrated that muscle-specific modulation of intracortical
inhibition may play a role in preventing unintended muscle activation
during task performance [67,68].

To sum up, since cortical output has been shown to be dependent
on the balance between excitatory/inhibitory systems [69], our data,
which show that it is possible to promote prolonged somatosensory-
driven changes in the cortical inhibitory state, open interesting
perspectives in the functional recovery of motor disorders due to a
breakdown in the excitatory/inhibitory balance (e.g. in post-stroke
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spasticity), although further studies are warranted to verify this
hypothesis.
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