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The clinical use of mirror visual feedback (MVF) was initially introduced to alleviate phantom pain, and has since been applied to the
improvement of hemiparesis following stroke. However, it is not known whether MVF can restore motor function by producing plastic
changes in the human primary motor cortex (M1). Here, we used transcranial magnetic stimulation to test whether M1 plasticity is a
physiological substrate of MVF-induced motor behavioral improvement. MVF intervention in normal volunteers using a mirror box
improved motor behavior and enhanced excitatory functions of the M1. Moreover, behavioral and physiological measures of MVF-
induced changes were positively correlated with each other. Improved motor performance occurred after observation of a simple action,
but not after repetitive motor training of the nontarget hand without MVF, suggesting the crucial importance of visual feedback. The
beneficial effects of MVF were disrupted by continuous theta burst stimulation (cTBS) over the M1, but not the control site in the occipital
cortex. However, MVF following cTBS could further improve the motor functions. Our findings indicate that M1 plasticity, especially in
its excitatory connections, is an essential component of MVF-based therapies.

Introduction
Mirror therapy is a promising novel intervention technique that
was recently introduced for the rehabilitation of patients with
hemiparesis. It was originally used to treat phantom limb pain in
amputees (Ramachandran and Rogers-Ramachandran, 1996) by
superimposing a visual image of the intact limb on the phantom
one using mirror visual feedback (MVF). This technique has also
been reported to be useful in patients with complex regional pain
syndrome (McCabe et al., 2003; Moseley, 2004), and has been
applied to stroke patients with motor deficits, in whom motor
training of the unimpaired limb with its MVF superimposed
over the paretic limb led to a remarkable motor recovery
(Altschuler et al., 1999; Sathian et al., 2000; Stevens and
Stoykov, 2003; Sütbeyaz et al., 2007; Yavuzer et al., 2008).
However, the physiological mechanism of MVF-induced ben-
eficial effects is not well understood.

Several previous studies have suggested that MVF can increase
primary motor cortex (M1) activity of the stationary hand. An
MEG study showed that the human left M1 was strongly activated
by a visual image of the moving hand when the subjects watched
both the right hand and the MVF of the left hand (Tominaga et
al., 2009). However, the oscillatory activity of the sensorimotor
cortex is an indirect measure of M1 excitability, because its neu-
robiological meaning has not been fully clarified (Oishi et al.,

2007). Another study using transcranial magnetic stimulation
(TMS) revealed an increase in M1 excitability of the stationary
hand during MVF (Garry et al., 2005), and a functional magnetic
resonance imaging (fMRI) study recorded increased activation in
the M1 of the affected limb of brachial plexus avulsion patients
following an 8 week MVF training program using a virtual reality
system (Giraux and Sirigu, 2003).

It is not yet known whether the MVF exerts its positive effects
in motor behavior by influencing motor plasticity, so here we
used TMS to investigate the plastic changes of the M1. We hy-
pothesized that motor training of the hand would produce a
plastic change in motor behavior and M1 function of the con-
tralateral hand when MVF was applied to the subject. Using TMS
allowed us to study the excitatory and inhibitory functions of the
human M1 extensively and noninvasively (Pascual-Leone et al.,
1998; Koganemaru et al., 2009, 2010; Thabit et al., 2010). In ad-
dition, we tested whether continuous theta burst stimulation
(cTBS) over the M1 (Huang and Rothwell, 2004; Huang et al.,
2005) can disrupt the behavioral and electrophysiological motor
improvement induced by MVF.

Materials and Methods
Subjects. Sixty-three neurologically healthy subjects (34 males and 29
females; age, 24.7 � 4.7 years, mean � SD) participated in the study.
None of the participants had a history of neurological illness or was
taking medication. All volunteers were right-handed according to the
Oldfield handedness inventory (Oldfield, 1971). The study was approved
by the Ethics Committee of the Kyoto University Graduate School and
Faculty of Medicine (Kyoto, Japan). All subjects gave written informed
consent before their participation.

Recording procedures. Electromyograms were recorded from the right
and left first dorsal interosseous (FDI) and flexor carpi radialis muscles
using surface silver/silver chloride (Ag/AgCl) electrodes. The electro-
myograms were amplified and filtered (bandpass, 5–2000 Hz), and dig-
itized at a sampling rate of 10 kHz using the Neuroscan system.
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TMS was performed with two Magstim 200 magnetic stimulators con-
nected by a bistim module. This device allows delivery of two magnetic
stimulations through the same coil. The handle of the coil pointed back-
wards and 45° lateral to the midline. A single pulse of TMS was delivered
using a flat figure-of-eight magnetic coil (outer diameter of each wing, 9
cm) at the optimal scalp positions to induce a motor response for the left
FDI muscle.

The motor threshold (MT) was determined for both relaxed (rMT)
and tonic active (aMT) muscles as the minimum stimulation intensity
(%) that evoked a clearly distinguishable motor-evoked potential (MEP).
The rMT was defined as the lowest stimulus intensity sufficient to elicit
five MEPs of �50 �V in a series of 10 stimuli delivered with at least 5 s
intervals (Rossini et al., 1994). In determining the aMT, subjects were
instructed to maintain a steady muscle contraction of 30% of their max-
imum voluntary contraction. The aMT was defined as the lowest stimu-
lus intensity sufficient to elicit MEPs with an amplitude of �200 �V that
could be distinguished from the background electromyography signal in
50% of trials (Rothwell et al., 1999).

To assess corticospinal excitability, MEP amplitudes were measured
with the fixed stimulus intensity of the TMS machine adjusted to pro-
duce an MEP of �1 mV from the target FDI muscle before the interven-
tion (SI1 mV).

The recruitment of the corticospinal projection (I-O function) from
the right M1 was also measured (Ridding and Rothwell, 1997). The in-
tensities of single TMS stimuli were individually adapted according to the
rMT to evaluate the I-O function. Eight MEPs were recorded from the
left FDI muscle at intensities of 50, 80, 90, 100, 110, 120, 130, and 150%
of the rMT.

The short-latency intracortical inhibition (SICI) and interhemispheric
inhibition (IHI) were measured to assess the inhibitory system. SICI was
measured according to a paired conditioning test stimulus paradigm
with a subthreshold conditioning stimulus at 95% of the aMT followed
by a suprathreshold test stimulus at SI1 mV with an interstimulus interval
(ISI) of 3 ms (Kujirai et al., 1993; Ziemann et al., 1996b). The protocol
used to measure IHI was similar to that described previously (Ferbert et
al., 1992). The conditioning stimulus at SI1 mV was applied to the left M1
and the test stimulus at SI1 mV was applied to the right M1 10 or 40 ms
later (Chen et al., 2003). The size of the mean conditioned response for
SICI, IHI(10), and IHI(40) (10 trials each) was expressed as a percentage
of the size of the mean test response alone.

With the exception of the aMT, both hands were at rest and muscle
relaxation was visually monitored by the electromyographic signal.

F-wave. Supramaximal electrical stimulation of the ulnar nerve at the
wrist was performed in a separate session to measure the F-wave from the
left FDI to test the effects of mirror therapy at the spinal level in six
subjects (Mercuri et al., 1996). Sixteen F-waves were recorded and aver-
aged before and after MVF intervention.

Ball-rotation task. Subjects were seated in a comfortable chair with
their elbows flexed at 90° and their hands pronated in a totally relaxed
position. The target task was to rotate two cork balls (diameter, 30 mm;
weight, 10 g) as fast as possible in a counterclockwise direction with the
left hand. The dexterity of the motor performance of the left hand was
examined by counting the number of two-ball rotations during 30 s.
After the experiments, one of the experimenters, who was blind to the
participants’ status, reviewed the video recording and counted the num-
ber of rotations.

Experiment 1: mirror versus nonmirror tasks. To investigate the effect of
MVF on M1 plasticity, we tested the change in motor function of the left
hand both behaviorally and electrophysiologically, after motor training
of the right hand with and without MVF (mirror vs nonmirror task).
Twenty healthy subjects (16 males and four females) were assigned to this
experiment.

Motor-training intervention. Subjects were randomly assigned to the
mirror task group (n � 10) or the nonmirror task group (n � 10). For
the mirror task, subjects placed both hands inside a box made of wood
and mirrored glass. In this and other interventions, they could not see the
right hand directly. They practiced 10 sets of the clockwise rotation of
two balls for 30 s each using the right hand with MVF superimposed on
the left hand. Subjects were asked to relax their left hand, which was

continuously monitored and confirmed by surface EMG. Care was taken
to ensure that the mirror image of the right hand was shown over the real
left hand. Subjects practiced by completing 10 sets of two-ball rotations
for 30 s with a 30 s rest interval to avoid fatigue (total of 270 s). For the
nonmirror task, subjects placed both hands inside a box made of wood
and transparent glass. They performed the same motor training of the
right hand as that performed by the mirror task group, but MVF was not
applied. To assess the motor function of the left hand before and after the
motor-training intervention, the dexterity of the left hand (the number
of ball rotations in 30 s) and various TMS parameters were evaluated
(Pre, Post; Fig. 1, top).

Experiment 2: mirror versus action observation tasks. We investigated
the action observation (AO) task to test whether MVF-induced motor
improvement of the left hand is caused by repetitive training of the right
hand or visual feedback of the left-hand movement. The glass of the
mirror box was replaced by an LCD monitor, and the relaxed subjects
observed a recording of another person carrying out motor-training us-
ing the inverted right hand (270 s), while not making any movement
themselves. Care was taken to ensure that the on-screen hand was ap-
proximately the same size as the subject’s hand. Subjects were asked to
concentrate on the video with both of their hands relaxed. Subjects were
asked not to actively imagine motor training of their own left hand to
avoid possible interference of motor imagery on motor learning effects.
Twenty-seven healthy subjects (12 males and 15 females) were assigned
to this experiment (nine subjects each for the mirror, nonmirror, and AO
tasks).

To assess the motor function of the left and right hands before and
after the motor-training intervention, the dexterity of both (that is, the
number of ball rotations in 30 s) was evaluated (Pre, Post; Fig. 1, top).

Experiment 3: effects of cTBS. To confirm the functional relevance of
the M1 in the motor improvement induced by MVF, we used cTBS to
provide functional interference over the right M1 or occipital area (OC)
just after MVF intervention (Fig. 1, bottom). Sixteen healthy subjects (six
males and 10 females) who did not participate in Experiments 1 or 2 were
assigned to this trial.

Subjects were randomly assigned to the M1 group (n � 8) or the
OC group (n � 8) according to the site at which cTBS was applied.
Motor functions of the left hand were measured by hand dexterity as
before, and MEP amplitude of the left FDI at SI1 mV. After measuring
the motor functions (Pre), subjects practiced motor-training inter-
vention of the right hand with MVF superimposed on the left hand
using a mirror box (mirror task). As in Experiment 1, motor func-
tions were then remeasured (Post1). cTBS was applied over either the
right M1 or the OC, and the motor functions were measured again
(Post2). For cTBS, TMS was delivered as 200 bursts of three pulses
(ISI � 20 ms) at 5 Hz given in a continuous train and an intensity of
80% aMT (40 s in total). Finally, both groups performed another set
of motor-training interventions (mirror task), and the motor func-
tions were measured again (Post3). One set of behavioral and TMS
measurements took �5 min, so the whole experiment was completed
within 15–20 min after cTBS.

Data analysis. For Experiment 1, a two-way repeated-measures
ANOVA was used with Intervention (Pre and Post) as a within-subject
factor and Group (mirror task and nonmirror task) as a between-subject
factor. For I-O function, Intensity (50, 80, 90,100, 110, 120, 130, and
150%) was used as a within-subject factor. For Experiment 2, a two-way
repeated-measures ANOVA was used for each hand with Intervention
(Pre and Post) as a within-subject factor and Group (mirror task, non-
mirror task, and AO task) as a between-subject factor. For Experiment 3,
a two-way repeated-measures ANOVA was used with Time (Pre, Post1,
Post2, and Post3) as a within-subject factor and Site (M1 and OC) as a
between-subject factor. If necessary, the Greenhouse–Geisser correction
was used to adjust for sphericity, changing the degrees of freedom using
a correction coefficient �. The Bonferroni correction for multiple com-
parisons was used for the post hoc t test. Effects were considered signifi-
cant at p � 0.05. All data are given as the mean � SEM.
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Results
Experiment 1: mirror versus nonmirror tasks
Behavioral measurements
Two-way repeated-measures ANOVA showed significant effects
of Intervention (F � 39.6, p � 0.001) and Intervention � Group
interactions (F � 12.9, p � 0.002) for the number of ball rotations.
Post hoc t test analysis revealed a significant behavioral improvement
after motor-training intervention in the mirror group (p � 0.001)
but not in the nonmirror group (Fig. 2A).

TMS measurements
The mean rMTs for the left FDI in the mirror and nonmirror groups
preintervention were 54.0 � 3.1% and 56.6 � 3.9%, respectively, of

the maximum stimulator output; postinter-
vention, they were 53.3 � 3.3% and 56.8 �
3.6%, respectively. Two-way repeated-
measures ANOVA showed no significant
effects of Intervention or Intervention �
Group interactions.

The mean aMTs for the left FDI in
the mirror and nonmirror groups were
43.3 � 2.8% and 43.8 � 2.6%, respec-
tively, preintervention, and 40.7 � 3.0%
and 42.9 � 2.3%, respectively, postinter-
vention. In this case, two-way repeated-
measures ANOVA showed a significant
effect of Intervention (F � 28.1, p �
0.001) and Intervention � Group interac-
tions (F � 6.62, p � 0.019). The post hoc t
test revealed a significant decrease after
motor-training intervention in the mirror
group (p � 0.001) but not in the nonmir-
ror group.

ThemeanMEPamplitudesfortheleftFDI
in the mirror and nonmirror groups were
1250 � 167 �V and 987 � 159 �V, respec-
tively, preintervention, and 1785 � 236
�V and 967 � 168 �V, respectively, postin-
tervention. Two-way repeated-measures
ANOVA showed significant effects of In-
tervention (F � 13.8, p � 0.002) and Inter-
vention � Group interactions (F � 16.1,
p � 0.001), whereas the post hoc t test re-
vealed a significant increase after motor-
training intervention in the mirror group
(p � 0.002) but not in the nonmirror group
(Fig. 2B,C).

For the I-O function of MEP ampli-
tudes, the results from one subject in the
mirror group and two subjects in the
nonmirror group were discarded from
the analysis because a technical error oc-
curred during recording. Therefore, I-O
function data were analyzed from nine
subjects in the mirror group and eight
subjects in the nonmirror group. For
the mirror group, two-way repeated-mea-
sures ANOVA showed significant effects
of Intervention (F � 14.7, p � 0.005), In-
tensity (F � 52.6, p � 0.001), and Inter-
vention � Intensity interactions (F � 5.5,
p � 0.003), suggesting that MEP ampli-
tudes as a function of TMS intensity
were significantly different postinter-

vention compared with preintervention (Fig. 3). Post hoc t
testing revealed a significant change in MEP amplitude after
intervention at an intensity of 120% ( p � 0.019). However,
the original paired t test for the I-O function showed a signif-
icant difference at 130% and 150% ( p � 0.048 and 0.018,
respectively, without correcting for multiple comparisons).
For the nonmirror group, two-way repeated-measures ANOVA
showed no significant effects of Intervention, Intensity, or Inter-
vention � Intensity interactions.

The SICI was 0.464 � 0.044 in the mirror group and 0.512 �
0.070 in the nonmirror group preintervention, and 0.590 � 0.067
and 0.529 � 0.115, respectively, postintervention. Two-way

Figure 1. Task design. In Experiment 1, behavioral and electrophysiological measurements were examined before and after each
motor-trainingintervention(mirrorandnonmirrortasks). InExperiment2,behavioralmeasurements inbothhandswereexaminedbefore
and after the AO task as well as mirror and nonmirror tasks. In Experiment 3, functional interference using cTBS was applied to the right M1
or OC just after the mirror task. Both groups then performed another set of mirror tasks. The motor function of the left hand was measured
before and after the first mirror task, after cTBS, and after the second mirror task (Pre, Post1, Post2, and Post3, respectively).
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repeated-measures ANOVA showed no significant effects of Inter-
vention or Intervention � Group interactions.

The IHI(10) from the left to the right M1 was recorded preinter-
vention as 0.616 � 0.070 in the mirror group and 0.782 � 0.038 in
the nonmirror group, and as 0.628 � 0.066 and 0.701 � 0.076,
respectively, postintervention. Preintervention, the IHI(40) was
0.824 � 0.035 in the mirror group and 0.902 � 0.045 in the nonmir-
ror group, and 0.905 � 0.091 and 0.836 � 0.058, respectively,
postintervention. Two-way repeated-measures ANOVA showed no
significant effects of Intervention and Intervention � Intensity in-
teractions in either IHI(10) or IHI(40).

F-wave
The mean F-wave amplitudes in the left FDI before and after
intervention in the mirror group were not significantly different
at 205 � 56 �V and 222 � 56 �V, respectively.

Experiment 2: mirror versus AO tasks
For the left hand, two-way repeated-measures ANOVA showed
significant effects of Intervention (F � 49.2, p � 0.001) and In-
tervention � Group interactions (F � 12.6, p � 0.001) for the
number of ball rotations. Post hoc t testing revealed a significant
behavioral improvement after motor-training intervention in the
mirror group (p � 0.001) and the AO group (p � 0.023), but not
in the nonmirror group (Fig. 4).

Figure 3. MEP amplitudes as a function of TMS intensity preintervention and postinterven-
tion. The MEP amplitude of the left FDI significantly increased after the mirror task at 120% of
the resting MT in the mirror group. *p � 0.05.

Figure 4. Effects of AO, mirror, and nonmirror tasks on right and left M1 functions. The mean
number of ball rotations increased significantly after the mirror and AO tasks in the left hand,
and after the mirror and nonmirror tasks in the right hand. *p � 0.05, **p � 0.001.

A

B

C

Figure 2. Effects of mirror and nonmirror tasks on right M1 function. A, The mean number of
ball rotations performed by the left hand increased significantly after the mirror task. B, The
average MEP of the left FDI (single subject) increased after the mirror task. C, The mean MEP
amplitude was significantly enlarged after the mirror task. **p � 0.001.
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For the right hand, two-way repeated-measures ANOVA
showed significant effects of Intervention (F � 23.0, p � 0.001)
and Intervention � Group interactions (F � 8.6, p � 0.001). Post
hoc t testing revealed a significant behavioral improvement after
motor-training intervention in the mirror group (p � 0.001) and
nonmirror group (p � 0.029), but not the AO group.

Experiment 3: effects of cTBS
Behavioral measurements
Two-way repeated-measures ANOVA showed significant effects
of Time (F � 81.3, p � 0.001) and Time � Site (F � 8.3, p �
0.002) interactions for the number of ball rotations. Post hoc t
testing revealed a significant behavioral improvement in Post1
(p � 0.002) and Post3 (p � 0.001), but not in Post2, compared
with Pre in the M1 group. A significant behavioral improvement
was also found in Post1 (p � 0.002), Post2 (p � 0.001), and Post3
(p � 0.001) compared with Pre in the OC group (Fig. 5A).

TMS measurements
The mean rMTs for the left FDI were not significantly different in
the M1 and OC groups before the intervention at 43.8 � 8.0%
and 53.1 � 10.4%, respectively, of the maximum stimulator
output.

The mean MEP amplitudes were 801 � 178, 869 � 195, 801 �
178, and 1362 � 259 �V for the M1 group, and 780 � 178, 929 �
170, 969 � 153, and 1114 � 176 �V for the OC group. Two-way

repeated-measures ANOVA for MEP amplitudes revealed signif-
icant effects of Time (F � 22.0, p � 0.001) and Time � Site
interactions (F � 3.4, p � 0.026). Post hoc t testing revealed a
significant increase after the motor-training intervention in
Post1 (p � 0.007) and Post3 (p � 0.002), but not in Post2,
compared with Pre in the M1 group. A significant increase was
also found in Post1 (p � 0.03), Post2 (p � 0.005), and Post3 (p �
0.01) compared with Pre in the OC group (Fig. 5B).

Correlation between M1 plasticity and behavioral improvement
To investigate the correlation between the increase in MEP am-
plitudes and improved motor behavior, we calculated the Pear-
son’s correlation coefficient for all subjects between the MEP
ratio and the change in number of ball rotations, and found it to
be significant (r � 0.603, p � 0.001). For the MEP ratio, the MEP
amplitude after motor-training intervention was divided by the
MEP amplitude preintervention. The change in motor behaviors
was similarly measured before and after motor-training interven-
tion (Fig. 6).

Discussion
The present study showed that repetitive motor training of the
right hand significantly improved the motor performance of the
left hand if MVF was also given. This behavioral improvement
was associated with facilitation of the excitatory function of the
corticospinal pathway, which increased the MEP amplitude and
its I-O function, and decreased the aMT. However, there was no
significant change in the inhibitory function of the right M1, such
as the SICI or IHI. Spinal motoneuronal excitability, as measured
by the F-wave, was insensitive to MVF, suggesting a supraspinal
mechanism for this plasticity. Thus, it is likely that the behavioral
improvement induced by MVF was caused by a plastic change in
the right M1 via its excitatory connections.

Correlation analysis revealed a significant positive relation-
ship between behavioral improvement and the MEP increase
across all subjects, whereas the right M1 interference using cTBS
disrupted the effect of MVF both behaviorally and electrophysi-
ologically. These findings further support the above-mentioned

A

B

Figure 5. Effects of cTBS on MVF-induced changes. A, For the cTBS at the M1, the mean
number of ball rotations performed by the left hand increased significantly after the first and
second mirror tasks (Post1 and Post3), but not after cTBS (Post2). For the cTBS at OC, it increased
monotonously (Post1, Post2, and Post3 � Pre). B, The mean MEP amplitude showed a similar
pattern of behavior, with significant increases at Post1 and Post3 compared with Pre for the M1
group, and at Post1, Post2, and Post3 for the OC group. *p � 0.001.

Figure 6. Correlation between M1 plasticity and behavioral improvements. The MEP ratio
and the change in number of ball rotations were significantly correlated (Pearson’s correlation,
r � 0.603, p � 0.001).
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hypothesis, and reveal a close link between the right M1 plasticity
and behavioral improvement of the left hand in MVF.

The motor performance of both hands improved with MVF to
the same extent. However, only the performance of the right
hand improved for the nonmirror task, and only that of the left
hand improved when a recording of the left hand was viewed
without any actual motor training. Thus, it is likely that visual
feedback provided by the mirror is relevant for the motor im-
provement of the stationary hand, rather than intermanual trans-
fer from right hand. Moreover, since there was no motor
improvement in the right hand when visual feedback was given
over the left hand during the action observation task, the effects
of MVF-induced motor improvement may be effector-specific. It
is highly possible that the beneficial effects of mirror therapy
might be associated with visual feedback similar to action
observation.

Previous physiological studies using TMS (Garry et al., 2005)
or fMRI (Shinoura et al., 2008) investigated brain function dur-
ing motor training with MVF and showed M1 activation ipsilat-
eral to the moving hand. Changes in M1 function of the
stationary hand after motor training with MVF have so far not
been studied, yet they are of great relevance for the purpose of
rehabilitation. A recent fMRI study in stroke patients
(Michielsen et al., 2011) showed that the mirror illusion dur-
ing a bimanual, but not unimanual, task was associated with
increased activity in the precuneus and the posterior cingulate
cortex (Movement � Mirror interaction), and that the main
effect of Mirror showed no significant areas of activation.
Thus, it is possible that those areas might be associated with
MVF-induced M1 plasticity. This study differed from our own
in that it investigated brain activation during unimanual and
bimanual motor training with MVF, whereas we focused on
the change of M1 function of the stationary hand before and
after motor training with MVF.

By applying a relatively complex motor-skill learning task, we
showed that behavioral and electrophysiological improvements
were induced in normal subjects only when MVF was combined
with motor training.

To clarify the role of visual feedback and intermanual transfer,
Experiment 2 showed that the improvement in the left hand
could be induced by visual feedback alone without the right-hand
movement (AO task). In contrast, the improvement of the right
hand was associated with actual motor training (mirror and non-
mirror tasks). Thus, the motor improvement caused by MVF
might not be due to intermanual learning transfer from the right
to the left hand.

Although intermanual transfer was observed previously
(Halsband, 1992; Criscimagna-Hemminger et al., 2003; van Mier
and Petersen, 2006; Wang et al., 2011), it was not found in the
nonmirror task of the present study. This might have been be-
cause asymmetrical intermanual transfer occurred instead when
using the symmetric mirror motor task (Kirsch and Hoffmann,
2010). However, it should be noted that the pattern of inter-
manual transfer might differ between healthy controls and stroke
patients. Indeed, a recent study reported the consistent healthy-
to-affected transfer of motor skill regardless of hand dexterity
(Ausenda and Carnovali, 2011).

In addition to providing visual feedback, it is possible that the
MVF created intermodal conflict between visual and propriocep-
tive and tactile senses. The right dorsolateral prefrontal cortex
(DLPFC) was previously shown to be activated in the face of
intermodal conflicting visual feedback from a mirror when sub-
jects looked at the reflection of their right hand (Fink et al., 1999).

As the mirror and AO tasks were associated with intermodal
conflict, both this and MVF might have affected M1 plasticity via
DLPFC activation.

Regarding increased right M1 excitability, the present study
showed that the active MTs were significantly decreased, and
MEP amplitudes as a function of stimulus intensity (I-O func-
tion) were significantly changed in the mirror group. The MT
and I-O function might provide information on different aspects
of motor cortical excitability (Hallett et al., 1999). The MT re-
flects membrane-related intrinsic neuronal excitability (Zi-
emann et al., 1996a), whereas the I-O function is related to more
global measures of excitability of the corticospinal pathways
(Devanne et al., 1997).

Although the aMT, reflecting the neuronal membrane excit-
ability levels in the M1 (Mavroudakis et al., 1994; Ziemann et al.,
1996a; Hallett, 2000), was significantly decreased after mirror
therapy, the change in the rMT failed to reach statistical signifi-
cance. Indeed, the mean rMT was reduced slightly after MVF
(from 54% to 53%). This apparent discrepancy could be due to
intersubject rMT variability, as the rMT is determined by several
processes, including membrane excitability, corticocortical axon
excitability, synaptic efficacy between axons and corticospinal
neurons, and spinal connectivity.

The I-O function reflects not only the number of firing neu-
rons activated by the suprathreshold stimuli, but also the neuro-
nal excitability produced by the subthreshold stimuli (Ridding
and Rothwell, 1997), suggesting a cortical mechanism.

Although neuronal plasticity has been recognized to occur at
multiple levels of the CNS, the change induced by MVF in the
present study was likely to be at the supraspinal level, as there was
no significant change to the F-wave. These results suggest that
changes of corticospinal excitability induced by MVF might orig-
inate in the right M1. By contrast, there was no significant change
in the inhibitory function of the right M1. Although the SICI
system, which partly reflects GABAA-mediated inhibition, plays
an important role in changing M1 excitability and motor perfor-
mance (Chen, 2004; Ziemann, 2004), the MVF did not change
the SICI significantly.

Several previous studies showed that IHI modulation might
contribute to the intermanual transfer of a force-control task
(Perez et al., 2007; Camus et al., 2009), but the change of connec-
tivity between bilateral M1 regions is not likely to be relevant for
MVF.

The TBS, which modulates M1 excitability in an inhibitory or
excitatory way depending on the stimulation pattern (Huang and
Rothwell, 2004; Huang et al., 2005; Gamboa et al., 2010), consists
of three pulses at 50 Hz repeated at 5 Hz. Intermittent TBS in-
creases M1 excitability, whereas cTBS decreases it (Huang et al.,
2005); cTBS after-effects include MEP suppression for �20 min
(Gentner et al., 2008). In the present study, the motor learning
effect was disrupted immediately by the interference over the M1
but not the OC. Reduced motor dexterity could be relearned after
the second mirror task. It was reported that 1 Hz rTMS over the
M1 could disrupt behavioral improvement (Muellbacher et al.,
2002). In addition, a recent report suggested that 1 Hz rTMS
could disturb motor learning by observation (Brown et al., 2009;
Censor and Cohen, 2011). It is possible that the interference ef-
fect produced by cTBS was similar to that produced by 1 Hz
rTMS, as both protocols suppressed M1 activity.

As cTBS over the M1 can suppress basal motor function
(Huang and Rothwell, 2004; Huang et al., 2005; Gamboa et al.,
2010), we cannot rule out the possibility that the cTBS-induced
disruption of the right M1 plasticity in the present study might
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have been caused by suppression of the M1 function in general
but not by the disruption of motor learning. The effects of the mirror
task were disturbed after cTBS and restored after relearning, suggest-
ing a commonly shared neural mechanism for cTBS-induced M1
plasticity and MVF-related motor plasticity. However, we cannot
exclude the possibility that other motor-related areas, such as sup-
plementary motor areas, dorsal premotor areas, or DLPFC, might
play an important role in MVF-related M1 plasticity.

Recent studies applying cTBS over the M1 before motor prac-
tice showed that it could disturb the early motor learning of sim-
ple finger movements (Iezzi et al., 2010) and implicit sequence
learning (Wilkinson et al., 2010). However, in the present study,
the motor learning effect produced by the second motor practice
after cTBS remained unchanged, whereas the early motor reten-
tion produced by the first motor practice before cTBS was dis-
rupted. This divergence might be due to differences in the used
motor tasks.

If we had evaluated paired-pulse intracortical facilitation (Ku-
jirai et al., 1993) and paired-pulse short-interval intracortical fa-
cilitation (Tokimura et al., 1996; Ziemann et al., 1998), the results
might have provided valuable information about the excitatory
connections of the right M1; however, this could not be per-
formed because of time limitations on our experiment that were
established to avoid subject fatigue.

Several hypotheses have been proposed to explain the mech-
anism by which right M1 plasticity is produced by MVF. One is
the implicit motor imagery during MVF. As M1 activation has
been reported during motor imagery (Kasai et al., 1997;
Hashimoto and Rothwell, 1999; Hanakawa et al., 2008), it is pos-
sible that MVF might further facilitate this imagery mechanism.

Another possible mechanism involves the mirror neuron sys-
tem (MNS) (Rosén and Lundborg, 2005; Sütbeyaz et al., 2007).
The primate MNS is a frontoparietal motor network of bimodal
visuomotor mirror neurons that discharge when they perform a
particular action and when observing a similar action performed
by another (Rizzolatti and Craighero, 2004). The human M1 has
MNS-like properties, because its facilitation during action obser-
vation is effector-specific (Maeda et al., 2002), lateralized (Aziz-
Zadeh et al., 2002), and significantly greater in a first-person
perspective than a third-person perspective (Fadiga et al., 2005;
Sartori et al., 2011). In one fMRI study (Matthys et al., 2009), the
superior temporal gyrus was activated during MVF intervention,
suggesting a link between MVF and MNS. Therefore, it is also
possible that the increased right M1 excitability induced by MVF
might be caused by its MNS-like properties. However, regardless
of either mechanism, our study clearly showed that the final com-
mon pathway for the effect of MVF is the plastic change in the
M1. The effects of MVF on corticospinal excitability and motor
behavior, and especially on hand dexterity, suggest that it might
be useful in stroke rehabilitation.
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