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Abstract

Converging evidence suggest that motor training is associated with early and late changes of
the cortical motor system. Transcranial magnetic stimulation (TMS) offers the possibility to
study plastic rearrangements of the motor system in physiological and pathological conditions.
We used TMS to characterize long-term changes in upper limb motor cortical representation
and interhemispheric inhibition associated with bimanual skill training in pianists who started
playing in an early age. Ipsilateral silent period (iSP) and cortical TMS mapping of hand mus-
cles were obtained from 30 strictly right-handed subjects (16 pianists, 14 naive controls),
together with electromyographic recording of mirror movements (MMs) to voluntary hand
movements. In controls, motor cortical representation of hand muscles was larger on the domi-
nant (DH) than on the non-dominant hemisphere (NDH). On the contrary, pianists showed
symmetric cortical output maps, being their DH less represented than in controls. In naive sub-
jects, the iSP was smaller on the right vs left abductor pollicis brevis (APB) indicating a weaker
inhibition from the NDH to the DH. In pianists, interhemispheric inhibition was more symmetric
as their DH was better inhibited than in controls. Electromyographic MMs were observed only
in naive subjects (7/14) and only to voluntary movement of the non-dominant hand. Subjects
with MM had a lower iSP area on the right APB compared with all the others. Our findings sug-
gest a more symmetrical motor cortex organization in pianists, both in terms of muscle cortical
representation and interhemispheric inhibition. Although we cannot disentangle training-
related from preexisting conditions, it is possible that long-term bimanual practice may reshape
motor cortical representation and rebalance interhemispheric interactions, which in naive
right-handed subjects would both tend to favour the dominant hemisphere.

Introduction

Plasticity represents the ability of the central nervous system to react to physiological and path-
ological events, occurring during normal development, environmental stimuli (i.e. learning)
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Abbreviations: TMS, transcranial magnetic
stimulation; iSP, Ipsilateral silent period; DH,
dominant hemisphere or hand; NDH, than on the
non-dominant hemisphere or hand; MMs, mirror
movements; fMRI, functional magnetic resonance
imaging; MEPs, Motor evoked potentials; APB, from
abductor pollicis brevis; ADM, adductor digiti minimi;
ECR, extensor carpi radialis; NHPT, nine hole peg
test; EMG, electromyogram; RMT, resting motor
threshold; CoG, centre-of-gravity; Al, asymmetry
index.

and pathological processes[1]. For instance, learning new tasks has been shown to be associated
with immediate and long lasting plastic changes in the sensorimotor cortex and in several asso-
ciative areas in monkeys [2, 3] and in humans [4-6]. Motor training in piano players leads to
bimanual hand dexterity. Pianists show, indeed, a more symmetric motor performance and
left-hand superiority in motor tasks in comparison with right-handed naive controls [7-9].
These behavioural differences have been associated with a functional reorganization of motor
circuits and with structural brain changes as well. First, functional magnetic resonance imaging
(fMRI) studies have demonstrated lower ipsilateral motor cortex activation during unilateral
movement [10, 11] and reduced recruitment of motor association areas (such as premotor cor-
tex, cerebellum, prefrontal or basal ganglia) during bimanual coordination [12] in piano play-
ers compared to naive subjects. These data have been interpreted as the result of a long lasting
change in the functional properties and connectivity in sensorimotor cortex after extensive
hand training [13, 14]. Moreover, a reduced interhemispheric asymmetry of the intrasulcal
length of the precentral gyrus [7, 15] and an increase in grey matter volume of the sensorimo-
tor cortex [16] have been observed in musicians in comparison with naive subjects. Transcra-
nial magnetic stimulation (TMS) mapping allow to study plastic rearrangements of the cortical
motor outputs. For instance, a larger representation of the dominant hemisphere in right-
handers is the typical pattern of cortical motor mapping associated with handedness in healthy
subjects [17-20]. Enlargement of motor cortical representation has been reported after 5 days
of unilateral keyboard training, with a decrease after consolidation of the motor task [21].
Neurophysiological changes occurring in the motor representations after long-term bimanual
skilled learning are, instead, still largely unknown.

Musicians show also greater capability of controlling hand independence than controls [9].
Mirror movements (MMs) refer to unintended movements on one body segment mirroring
the contralateral voluntary movement [22, 23]. Although, MMs have been described in patho-
logical conditions such as cerebral palsy, Parkinson disease and stroke [24-26], they are not
necessarily a pathological sign. MMs can, indeed, be observed also in healthy subjects [27],
mainly in relation with complex motor task or fatigue [28, 29] as well as in relation with hand-
edness [30]. For instance, in right-handers, the occurrence of MMs is lower during movement
of the dominant than the non-dominant hand [31] suggesting an asymmetric ability to control
the homologous hemisphere during unilateral movements. Transcallosal motor inhibition is
considered particularly important during strictly unilateral movements, in order to inhibit
unintentional ipsilateral movements [32]. In physiological conditions the MMs occurrence has
been mainly related to an incomplete transcallosal inhibition of one motor cortex from the
contralateral [27]. A larger anterior corpus callosum size has been reported in pianists com-
pared to controls [33] but whether motor practice may increase interhemispheric inhibition
thus improving the MMs control has not yet been investigated. TMS is a useful technique also
for studying functional transcallosal connectivity between the two motor cortices [20, 34]. The
ipsilateral silent period (iSP) consists in stimulating one motor cortex during maximal volun-
tary contraction of the ipsilateral hand [35]. The stimulated motor cortex would induce a trans-
callosal interhemispheric inhibition of the opposite motor cortex [36]. This inhibition is
detectable as a pause in the ipsilateral electromyographic (EMG) trace. ISP represents, there-
fore, a direct measure of the interhemispheric control of voluntary cortical motor output [37].

In the present study we used TMS to test the hypothesis whether, in pianists, hand dexterity
as well as the capability of controlling hand independence would be related with more symmet-
rical motor cortex representation and symmetrical interhemispheric interaction compared
with controls. Fine motor skill learning, such as music playing, can induce cerebral plastic
changes that still need to be better understood. Fine motor skill practice, such as music playing,
can induce functional and structural cerebral plastic changes that still need to be better
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understoodThe functional and structural brain differences between pianists and naive subjects
have been mainly related to a different brain development in musicians, who often started play-
ing the piano at an early age. For instance, in the first decade of age, during the development of
the corpus callosum, bimanual training may induce plastic changes in callosal fibres before a
complete myelinization takes place [33]. This could lead to long-term changes in transcallosal
functional connections which could be revealed by interhemispheric inhibition measurements.
Early-trained musicians show greater connectivity in the posterior midbody/isthmus of the
corpus-callosum and MRI fractional anisotropy in this region seems to be related to age of
onset of training. It has been proposed that training before the age of 7 years results in changes
in white-matter connectivity [38]. Moreover, the amount of practice seems to have a relevant
impact on brain structure, not only during the sensitive period of childhood but throughout
life [9]. So far, professional pianists have been selected in the majority of studies performed on
musicians [39, 40]. Full-time musicians often start playing piano at childhood and continue
intensive practice as adults, making difficult to distinguish the relative contribution of the two
factors for data interpretation. In order to preferentially evaluate the effect of early bimanual
motor training on brain function, we selected subjects who started playing piano at an early
age but who had discontinued intense practice at the time of study entry.

Materials and Methods

Participants

A total of sixteen pianists (7F; age 27.5 + 4.3 years) and 14 controls (7F; age 26.9 + 3.5 years),
with no history of neurological illness, gave their written informed consent to participate in the
study, which was approved by the Ethics Committee of the ‘Ospedale San Raffaele’ (protocol
number: 58/2008). All subjects were fully right-handed, having obtained the maximal score at a
translated modified version of the Edinburgh Handedness Inventory [41]. Pianists started to play
piano before their first decade of life (mean age 7 + 1.4 years). They practiced for at least six years
for 10-21 hours per week (median 14 hours) and they continued as hobby at the time of study
entry, playing a few hours during week-ends. Controls never played any musical instrument.

Hand dexterity

Hand dexterity was assessed using:

o The Nine Hole Peg Test (NHPT) score [42] (16 pianists and 14 controls): consisting in the
time taken by the subject to insert every peg in the empty holes and then remove them and
place them back in the shallow container, as quickly as possible. Both the dominant and non-
dominant hands were tested twice and the best time for each side was taken for subsequent
analysis.

Finger tapping (FT) (12 pianists and 12 controls): subjects were comfortably seated on a
chair, their forearm and hands resting on a table placed in front of them. Participants were
instructed to press on a left-button mouse as fast as possible during 10 s with their index fin-
ger. The test was performed three times, with both hands, in random sequence. Tapping fre-
quency was calculated using STIM software (Compumedics GermanyGmbH, Singen,
Germany). The mean frequency of the three trials, for each hand, was kept for analyses [20].

Transcranial magnetic stimulation

Subjects were seated on a comfortable armchair in a quiet room, with their eyes open, elbows
semiflexed and forearms pronated and supported by a pillow. A Magstim 200 stimulator
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(Magstim Comp.,UK) connected to a figure-of-eight coil (70 mm) was used. The coil was
placed tangentially to the scalp with the handle oriented posteriorly. Motor evoked potentials
(MEPs) from abductor pollicis brevis (APB), adductor digiti minimi (ADM), extensor carpi
radialis (ECR) muscles of both sides were recorded simultaneously, at rest, using Ag/AgCl sur-
face electrodes in a belly-tendon montage. Electromyogram (EMG) was recording using a
SCAN 4.1 (Synamps Amplifiers, Neuroscan Inc., Herndon, VA), bandpass filtered at 30-1000
Hz. Impedances were kept below 5 KQ. The amplified analog outputs were digitized at 2 kHz
and stored on a personal computer for off-line analysis.

Among the included subjects, 12 pianists (7F; age 26.7 + 3.7 years) and 12 controls (4F; age
26.8 + 4.8 years) underwent TMS mapping. A grid with 1 cm squares was positioned on the
vertex of a closely-fitting cap. The hemisphere to be stimulated first was chosen in each subject
in random order. The cortical hotspot was defined as the grid node eliciting optimal MEPs on
at least one of the contralateral APB or ADM muscles. For each side, resting motor threshold
(RMT) was measured over the hotspot as the minimal intensity evoking MEPs in at least one
of the two muscles with amplitude of 50 uV or higher in 5 out of 10 stimuli, using 5% incre-
ment or decrement, starting from 50% of max stimulator output [43]. The intensity used for
mapping was set at 115% RMT. Stimuli were delivered every 4 s at each grid node starting
from the hotspot and then successively stimulating adjacent sites until no MEPs were evoked.
The whole procedure was repeated to have 4 stimulations for each active site. The level of back-
ground EMG activity was constantly monitored during the experiment.

The iSP, as suppression of the ongoing voluntary EMG activity in the APB muscle induced
by focal TMS over the ipsilateral motor cortex [34], was assessed in 11 pianists (5F, age
26.4 £ 1.2 years) and 11 controls (5F, age 28.5 + 4.3 years). Fifteen cortical stimuli at 90% of the
maximal stimulator output were delivered on the ipsilateral hand motor cortex while subjects
maintained a maximal APB tonic contraction.

Mirror movements recording

Participants were comfortably seated on an armchair, their forearms and pronated hands rest-
ing on a table in front of them. All the subjects were asked to perform a single voluntary fast
phasic contraction of APB, ADM and ECR muscles after a vocal “go signal”, in 3 separate ses-
sions (one for each muscle). For each muscle, five trials were recorded with an interval of 5-6
seconds. Between trials, subjects were asked to stay completely at rest and EMG was constantly
monitored checking for any muscle pre-contraction of both sides. For each muscle, MM score
of 1 was assigned when EMG activity in the homologous muscle was visually detected on at
least one of five trials. Patients performed the same task with both arms separately (Fig 1).

Offline data analyses

Considering TMS mapping, the peak-to-peak amplitudes of four MEPs obtained from the
stimulation of each scalp position were measured and averaged for each of the three muscles.
The following map parameters were then calculated:

1. Maximal amplitude (uV) (peak-to-peak MEPs amplitude) in the hotspot, mean of three
muscles studied.

2. Number of responsive sites (map,eq, in cm?) at which a MEP of amplitude over 50 uV was
evoked, mean of three muscles studied.

3. Centre-of-gravity (CoG) as the average of stimulated position coordinates weighted by MEP
intensity, calculated as following:
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Fig 1. example of mirror movement in the right ADM during voluntary movement of the contralateral
homologous muscle in a control subject.

doi:10.1371/journal.pone.0157952.g001

CoG, = (x— CoG, = =27 where MEPx/ MEPy are the intensi-
> MEP Y > MEP, Y

ties of the MEP value at X/Y-th grid position (Fig 2A). The proximity of hand muscle repre-
sentations (ADM, APB, ECR) was measured by summing the relative distances of the CoGs
(CoGsgistance) Of three muscles. The lower was the value the closer the motor maps of the
three muscles (Fig 2B).

4. Overlap of three motor maps was estimated as the ratio between the average of the three
separate areas and the whole area of three muscles superimposed, so a complete overlap cor-
responded to the value of 1 while a complete maps’ segregation to the value of 0.

The iSP was quantified in the average of the fifteen single rectified-EMG traces. The iSP et
latency was defined as the time point, after TMS pulse, with EMG activity constantly smaller
(for at least 10 msec) than the averaged baseline EMG contraction (pre-stimulus between -50
and -20 msec). The iSP g, was defined as the first time point after iSP, ¢ in which the level
of EMG activity regained the baseline value. The iSP gyation Was measured as the difference
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Fig 2. example of muscles CoGs calculations and their reciprocal distance. (A) CoG position: within each participant’s
muscle representation, the CoG represents the average coordinate of all the responsive sites, weighted by their corresponding
MEP intensity. (B) CoGsgistance: distances (d;) between each CoG pairs were calculated and then summed.

doi:10.1371/journal.pone.0157952.g002

between iSPfrer and iSPpger. The iSP, e, (in mV*s), was calculated as following [44]:
iSP_ = iSP * iSP

area amplitude duration*

In order to reduce inter-subject variability related to the degree of pre-stimulus contraction,
iSP ., Was normalized for the rectified baseline EMG activity between -50 msec and -20 msec
pre stimulus as:

(EMG,, — iSP

n— I‘SPureu — area urea) * 100
EMG

area

The asymmetry index (AI) for map, e, 1-iSP,ear iISPauration and NHPT was calculated as:

AT— (dominant — not dominant)

(dominant 4+ not dominant)

In the Al ranging from 1.0 to -1.0, positive values indicate larger measurements obtained
on the dominant side, while 0 indicates a perfect symmetry.

Statistical analysis

Data were analysed with SPSS 13.0 (Technologies, Inc. Chicago, USA). After verifying the nor-
mal distribution by Kolmogorov-Smirnov test, parametric or non-parametric statistical tests
were used. According to data normality, a mixed factorial ANOVA designed for repeated mea-
surements was used for the neurophysiological variables (RMT, MEPs amplitude, map,ea,
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CoGsgistances Overlap, background EMG iSP gy ation and n-iSP,,.,) and the Conover’s free distri-
bution method, a non-parametric ANOVA based on ranks, for the hand dexterity measures
(NHPT and FT) [45]. In both cases, “side” (two levels: dominant and non-dominant) was con-
sidered as a within-subjects factor and “group” (two levels: pianists and controls) as a between-
subjects factor. In a main effect was found, post-hoc analyses were performed using indepen-
dent t-test or the equivalent non parametric test (Mann-Whitney test) and paired t-tests or the
equivalent non parametric test (Wilcoxon Signed Rank test) for the between and within group
comparisons, respectively. Differences in the asymmetry index between pianists and controls
were evaluated using independent Student’s t-tests for NHPT, FT and map,;., and Mann-
Whitney test for n-iSP,., and iSPgyration- The number of subjects showing MMs (at least one of
the 3 recorded muscles) in pianists and controls was compared using Chi square (Fisher's exact
test). For each group differences in MMs occurrence between the left and right side were
explored using the McNemar's test. We also considered differences in n-iSP,., AI-NHPT,
AI-FT, Al-map,e,-Al iSP guration and AI-iSP, ., according to the occurrence or not of MMs
subjects using Mann-Whitney test.

Spearmann's correlation coefficient was used to test the relationship among the asymmetry
indices of neurophysiological parameters (mapgrea, iISPauration and n-iSP,.,) and hand dexterity
(NHPT and FT). Significance level was set at p <0.01 after multiple comparison correction.

Results

Hand dexterity

The ANOVA analysis performed for NHPT showed a significant effect of “side” (F; ,5 = 25,
p<0.0001) and “group” (F; »5 = 9.5, p = 0.005) factors; “side” x “group” interaction was also
statistically significant (F; ,5 = 6.32, p = 0.018). For the dominant hand NHPT score was simi-
lar in the two groups (p = 0.3), while the left hand was faster in pianist than in controls

(p =0.001). In the control group the time required to perform NHPT was shorter for the right
than the left hand (p = 0.003). In pianists the two hands executed the motor task approximately
in a similar time (p = 0.2) (Fig 3A, Table 1, S1 Database). Asymmetry index between the two
groups was significantly different, being lower for pianist (p = 0.005) (Fig 3C, Table 2, S1
Database).

Considering the FT task, a significant “side” effect was observed (F, », = 100.6, p<0.0001)
being the right hand faster than the left hand (Fig 3B). A trend was observed for the “group”
comparison (F, 5, = 3.8, p = 0.06) and the “side” x “group” interaction was not significant
(F122 =0.18, p = 0.6) (Fig 3B). The FT-AI resulted significantly lower in pianists compared to
controls (p = 0.01) (Fig 3D, Table 2, S1 Database)

Focal TMS mapping

The ANOV A analysis did not indicate any significant effect of both “side” and “group” on
RMT and on MEPs amplitudes (average and standard deviation in Table 1, S2 Database).

For map,,., a significant effect of “side” (F; ,, = 8.8 p = 0.007), and “side” x “group” interac-
tion (F; 5, = 16.241; p = 0.001) was found, while “group” was not significant (F 5, = 1.1
p = 0.3). The post-hoc analysis revealed that map,,., over the dominant hemisphere was
smaller in piano players than in controls (p = 0.029), while no difference was observed for the
non-dominant hemisphere (p = 0.3). Map,,., was significantly larger on the dominant than
non-dominant side in controls (p = 0.001), while did not significantly differ in piano players
(p =0.4) (Fig 4, S2 Database). Map,,., asymmetry index significantly differed between the two
groups (p = 0.009) being the degree of asymmetry between the left and right hemispheres
greater in controls than in pianists (Table 2, S2 Database). Considering the CoGsgistance @
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Fig 3. Behavioral results. A. Nine hole peg test (NHPT) score: left hand in pianists was significantly faster
than in controls (p = 0.001). In the control group the time required to perform NHPT was shorter for the right
than the left hand (p = 0.003). B Finger tapping (FT) scores: a significant effect of “side” factor was observed
(F1,20=100.6, p<0.0001) being the right hand faster than the left hand. A trend was observed for the “group”
comparison (Fq 22 = 3.8, p = 0.06) and the “side” x “group” interaction was not significant (F4 2> = 0.18,

p =0.6). C. NHPT asymmetry index (Al) score was significantly lower in pianist than in controls indicating
more symmetric motor performance in pianists (p = 0.005) D. FT Al was significantly lower in pianists than in
controls (p =0.01).

doi:10.1371/journal.pone.0157952.g003

significant effect of “side” (F; 5, = 15; p = 0.001) was found being muscles CoGs closer over the
dominant than the non-dominant hemisphere and no significant effect of “group” (F; 5, =
0.05; p = 0.8) and interaction between the two factors (F, 5, = 0.02; p = 0.8) were found.
Regarding the overlap measure, a significant effect of “side” (F, 5, = 34; p<0.001) and “group”
(F1 22 = 19; p<0.001) factor was observed. There was also a significant interaction between the
main factors (F; », = 11; p = 0.003). The dominant hemisphere in controls showed a greater
overlap of maps of the 3 muscles (APB, ADM, ECR) compared to their non-dominant hemi-
sphere (p<0.001) and to the dominant hemisphere of pianists (p<0.001) (Table 1, S2
Database).

Ipsilateral silent period

We first checked for any differences in maximal APB tonic contraction which could possibly
influence the iSP measurements. No “side” (F; ;o = 2.1, p = 0.16), “group” (F; 1o = 0.4,

p =0.49), or “side” x”group” (F; 19 = 0.6, p = 0.42) effects on background EMG were obtained
from the ANOVA analysis (average and standard deviation in Table 1, S3 Database).

The ANOVA analysis performed for the n-iSP,,., revealed a significant effect of both “side”
(F119 = 14.8 p=0.002) and “group” (F; ;9 = 5.58 p = 0.01) as well as their interaction (F; ;o =
4.6 p = 0.04). The n-iSP,., was greater to stimulation of the dominant than the non-dominant
hemisphere in the control group (p<0.001) whereas inhibition between the two hemispheres
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Table 1. Pianists and controls behavioural and neurophysiological data. MEP,itude and MAP ., are reported as average of APB, ADM and ECR
muscles. We included in the table t (or Z) and p values of the post-hoc comparisons if a significant interaction between “group” and “side” factors was obtained
from the ANOVA analysis, as well as F and p values if a significant effect of “group” or/and “side” factors was obtained from the ANOVA analyses without sig-
nificant interaction between factors.

statistics
Side Controls Pianists DH vs NDH DH vs NDH Controls vs
pianists
Controls Pianists
DH 16.2+1.6 15.5 +0.9 n.s.
NHPT Z=2.9;p=0.003 n.s.
(sec) NDH 18.2+1.8 15.9+1.8 U=36.5;Z=3.14;
p = 0.001
DH 6.1+1.1 6.5+0.7
FT F1 .22 = 100.6; F1 22 = 100.6; Fi20=3.8;
p<0.001 p<0.001 p =0.06
NDH 4.9+0.9 5.610.6
DH 4615 4616
RMT n.s. n.s. n.s.
(%) NDH 4816 4615
DH 6381417 7101447
MEP ampiitude n.s. n.s. n.s.
MV) NDH 591279 5461278
DH 18.317.1 12.9+3.4 too) =2.4; p =0.02
Maparea t(11) = 4.45; n.s.
p = 0.001
(cm?) NDH 12.143.7 13.8+4.3 n.s.
DH 0.86+0.1 0.85+0.1
CoGyistance F1,22 =15; F1,22 =15; n.s.
p = 0.001 p = 0.001
(cm) NDH 1.5810.2 1.5210.3
DH 0.8+0.09 0.6+0.07 toz) = 5.1; p<0.001
Overlap t11) = 6.7; p<0.001 n.s.
NDH 0.6+0.09 0.5+0.09 tez) = 2; p=0.06
DH 224,5+128,3 201,8+109,5
EMG n.s. n.s. n.s.
NDH 245,5+142,4 211,94102,7
DH 50.1+3.3 56.9+2.7 n.s.
n-iSP,rea t10) = 3.7; n.s.
p = 0.004
NDH 37.9+3.9 53.9+3.1 too) = 3.2;
p = 0.004
DH 4418 41.5+10
iSPguration n.s. n.s. n.s.
(msec) NDH 42.0+13 38.8+12

Abbreviations: DH/NDH = dominant/non dominant hemisphere or hand; NHPT = nine hole peg test; RMT = resting motor threshold; MEP = motor evoked

potentials; N-iSP e, - Normalized iSP,.4; CoG = center of gravity; n.s. = not significative

doi:10.1371/journal.pone.0157952.t001

did not differ in piano players (p = 0.3). n-iSP,., to stimulation of the non-dominant hemi-
sphere was larger in pianists than in controls (p = 0.004), no significant difference for dominant
hemisphere between the two groups were observed (p = 0.13) (Fig 5, S3 Database). iSPayration
did not significantly differed between groups and hemispheres. n-iSP,,, asymmetry index was
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Table 2. Asymmetry index (Al) for map,rea N-iSP4ea; iISPguration @and NHPT in pianists and controls. The Al range from 1.0 to -1.0 and the value of O cor-
responds to perfect symmetry between the two sides (Dominant = Non Dominant).

(14Cvs16P)

Controls (C)
Pianists (P)
statistics

Al-FT Al-mapgrea A-SP gy ation AlHSPrea
(12Cvs12P) (12Cvs12P) (11Cvs11P) (11Cvs11P)
0,11+0,03 0.18+0.13 -0.04+0.19 -0.15+0.15
0,07+0,03 -0.03+0.15 -0.04+0.17 -0.03+0.09
toz) = 2.7 toz =2.8 n.s. too) =2.2
p =0.01 p = 0.009 p =0.04

Abbreviations: NHPT = nine hole peg test; FT = finger tapping; n-iSP4rea - Normalized iSP 4 eq; N.S. = Not significative

doi:10.1371/journal.pone.0157952.1002

significantly lower in pianist than in controls (p = 0.04) while iSP 4y ati0n aSymmetry index was
not significantly different (p = 0.9) (Table 2, S3 Database).

Mirror Movements

MDMs never occurred in piano players to movement of either hand (n = 0/16 subjects). In con-
trols, MMs were never observed in relation with voluntary movement of the right muscles.
Regarding voluntary movements of the left hand, no MMs were recorded on the ECR muscle.
Conversely, five subjects showed MMs in relation with movements of the left ADM and two
subjects showed MMs to movement of both APB and ADM. MMs occurred, therefore, only in
control group (n = 7/14 subjects) during voluntary movement of the left hand. The number of
subjects showing MMs in the control group was significantly higher than in pianists

A 25
cmz ** * D RH
20 4 ML
g 15 1
©
[o
©
£ 101
54
0
controls pianists
B

pianist

control

Fig 4. Cortical motor representation of the hand muscles (mean of APB, ADM and ECR) over the
dominant (LH) and non-dominant (RH) hemisphere in pianists and controls (mean and standard
error). A. Map,., in the dominant hemisphere of the control group was significantly larger compared with
their non-dominant hemisphere (** p = 0.001) and with the dominant hemisphere of pianists (*p = 0.029). B.
Example of cortical motor mapping of ADM in a pianist and a control naive subject. MEPs amplitudes higher
than 50 mV were interpolated and projected on an average brain cortical surface reconstruction using Curry
software V4.6. The interhemispheric asymmetry in map,ea, With larger representation of the dominant
hemisphere, is of note only in the naive subject.

doi:10.1371/journal.pone.0157952.g004
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Fig5. A.Average normalized ipsilateral silent period area (n-iSP4e5) On the left and right APB in pianists and naive controls,
the latter showing a wake suppression of voluntary EMG on the right APB to stimulation of the non-dominant ipsilateral
hemisphere (error bars: standard error of the mean. Left vs right APB in controls **p<0.001; controls vs pianists R-APB

*p = 0.008). B. Example of ipsilateral silent period on right APB (R) and left APB (L) in a control naive subject. Note the
stronger inhibition of voluntary EMG on the left, non-dominant side by stimulating the ipsilateral left, dominant hemisphere.

doi:10.1371/journal.pone.0157952.9005

(p = 0.001-Fisher's exact test). In controls, MMs frequency to movement of the left hand was
significantly higher compared to movements of their right hand (7/14 vs 0/14;
p =0.0233-McNemar's test).

In the five controls showing MMs on the right hand who underwent iSP assessment, the
interhemispheric inhibition from the non-dominant to the dominant hemisphere was lower
than in all the other subjects (U =7, Z = 2.4, p = 0.01). Moreover, in subjects showing MMs on
the right hand a greater inter-side asymmetry in favour of the dominant side was observed con-
sidering AI-NHPT (p = 0.005), AI- iSP,., (p = 0.002) and a trend for AI-map,,., (p = 0.056)
(Table 3).

Correlations

Correlation analysis showed a trend for an inverse correlation between map,,., asymmetry
index and NHPT asymmetry index (p = -0.44; p = 0.032) (Fig 6A, Table 4). Therefore, a greater
dominant map,,., tended to correspond to a slower non dominant hand. Furthermore we
found a significant inversely correlation between n-iSP,., asymmetry index and NHPT asym-
metry index (p =-0.56; p = 0.007) (Fig 6B, Table 4). A greater inhibition of the dominant over
non dominant hemisphere corresponds to a slower non dominant hand. No correlations were
obtained between AI-NHPT and iSP gyration- AI-FT do not correlated with any of the variable
tested (Al-map, s, Al- iSP4yration and AI-n-iSP,.,) (Table 4).

Table 3. Asymmetry index (Al) according to Mirror movements (MMs) occurrence. The Al range from 1.0 to -1.0 and the value of 0 corresponds to per-
fect symmetry between the two sides (Dominant = Non Dominant).

MMs -0.08 +0.02
no-MMs -0.02+0.22
statistics U=18;Z=-3.06
p = 0.001

AI-NHPT
(7 vs 23)

AI-FT Al-mapgrea A-SP gyration Al-SPrea

(6 vs 18) (6 vs 18) (bvs17) (bvs17)

0.09+0.03 0.20.11 -0.08+0.27 -0.14+0.05

0.08+0.03 0.03+0.17 -0.03+0.14 -0.07+0.14
n.s. U=23;Z=-2.06 n.s. U=12;Z=-2.3

p =0.04 p =0.015

Abbreviations: NHPT = nine hole peg test; FT = finger tapping; n-iSP,es - Normalized iSP,c4; N.S. = not significative.

doi:10.1371/journal.pone.0157952.1003
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Fig 6. Correlation between the nine hole peg test (NHPT) asymmetry index (Al) and map e, Al and normalized-iSP e,
(n-iSPea) Al. The degree of interhemipheric asymmetry in maparea (A) and n-iSPye4 (B) correlate with the asymmetry in
performing NHPT with the right and left upper limb (p =-0.48; p =0.019 and p = -0.57; p = 0.004 respectively). Interhemispheric
imbalance in both cortical representation and interhemispheric inhibition, favouring the dominant hemisphere, corresponds to a
relatively slower non-dominant hand. Abbreviations: DH = dominant hemisphere or hand, NDH = non dominant hemisphere or
hand.

doi:10.1371/journal.pone.0157952.9006

Discussion

Our study demonstrated that piano players have a reduced degree of hand skill asymmetry as
shown by FT performance in comparison with controls [8, 9]. However, performance of both
left and right side was not significantly better in musicians than in controls. Considering that
our group of pianists were playing just a few hours a week at time of study entry, these findings
are in line with a previous work comparing FT performance in musicians with different prac-
tice regimes. The authors found a higher tapping scores in intensively practicing musicians,
whereas less intensively practicing players were more similar to controls [9]. On the contrary,
NHPT score showed better sensitivity in detecting differences in hand dexterity between
groups. Greater inter-side symmetry of NHPT in pianists was mainly due to a lower score of
their left hand (indicative of faster performance). NHPT has been used in previous studies on
healthy subjects for detecting age-related changes in motor performance [20, 46]. Although
previous studies on piano players assessed motor performance using single or sequential

Table 4. correlation analysis among the asymmetry indices of neurophysiological parameters (maparea, iISPauration @and n-iSP,.e,) and hand dexter-
ity (NHPT and FT).

Al'maparea AI'iSPduralion AI'iSParea
AI-NHPT p = -0.44; p = 0.032 n.s. p = -0.56; p = 0.007
AI-FT n.s. n.s. n.s.

Significance level was set at p <0.01 after multiple comparison correction.
N.S. = not significant with p>0.05.

doi:10.1371/journal.pone.0157952.1004
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finger-tapping tasks, our data suggest that NHPT is a useful task, easy to perform, for evaluat-
ing changes in hand dexterity related to musical training.

Regarding TMS mapping, the finding of a larger motor cortical representation of the domi-
nant hand muscles in naive right-handed subjects is consistent with previous reports [17-20].
One of the main novel findings of the present study is that piano players showed a more symmet-
ric hand motor representation, the dominant map area being reduced compared to naive sub-
jects. The reduction of motor cortical representation over the dominant hemisphere in pianists
was associated with a lower degree of muscle map overlap than in controls, without a corre-
sponding difference in the CoGgjsance- Thus, plasticity in piano players may be associated with a
concentric reduction of fringes of excitability in the dominant motor maps, with higher segrega-
tion of single muscle representations. This plastic rearrangement of the relative representation of
hand muscles in pianists could promote a rapid switch from co-activation to selective muscle
activation and vice versa. Whether these findings are related to plasticity of local inhibitory cir-
cuits remains to be tested. Intracortical inhibition studies on expert piano players led to contrast-
ing findings, mainly depending on the population and on the stimulation protocol [40]. In our
study, intra-cortical inhibition and intra-cortical facilitation were not tested. We cannot, there-
fore, discuss their potential role in M1 plastic reorganization in pianists. Moreover, we can
hypothesize that the reorganization of the motor output maps in pianists could be related not
only to changes in local inhibitory circuits but also to the rearrangement of interhemispheric con-
nections due to the acquisition of bimanual skills.n the present study controls displayed a motor
cortical asymmetry favouring the dominant hemisphere not only consisting in larger motor
maps but also in a stronger interhemispheric inhibition towards the non-dominant hemisphere.
Both these measures were more symmetric in piano players. The efficacy of intherhemispheric
inhibitory pathways was associated with behavioural effects, in particular concerning the occur-
rence of MMs. MMs are common and physiological in childhood due to immaturity of the
motor system [27, 47]. In contrast, normal adults are usually able to perform strictly unilateral
movements in daily life [22], although a slight, involuntary mirroring can often be detected with
EMG even during relatively simple unimanual tasks [48]. A number of neurophysiological data
suggest that ‘physiological’ mirroring depends on the activation of the crossed corticospinal tract
originating from the M1 ipsilateral to the voluntary movement (mirror M1) mainly related to an
incomplete transcallosal inhibition from one motor cortex to the other [48, 49]. In healthy right
handers asymmetrical mirroring has been reported, with stronger MMs during voluntary move-
ment of the non-dominant hand [31]. Consistently, in our sample, MMs appeared in naive sub-
jects during movements of the non-dominant hand. No MMs were recorded in pianists,
indicating a more efficient control of strictly unilateral hand movement even if performed with
the non-dominant side. A reduced occurrence of MMs can reflect a greater ability to inhibit the
homolateral motor cortex during a simple unimanual motor task [48]. According to this hypoth-
esis, pianists showed greater interhemispheric inhibition from the non-dominant to the domi-
nant motor cortex. Furthermore, subjects with MMs had also a weaker interhemispheric
inhibition from the non-dominant to the dominant hemisphere, as revealed by our iSP measures.
Finally, our analyses indicated that asymmetric interhemispheric inhibition (as from iSP,.,) was
correlated to asymmetric hand dexterity (as from NHPT), both favoring the dominant side. Our
data of increased interhemispheric inhibition from the non-dominant to the dominant hemi-
sphere in piano players are in apparent contrast with the finding of a reduced transcallosal inhibi-
tion in professional pianists using bi-hemispheric paired TMS [39]. However, in the latter study,
data from the stimulation of left and right hemispheres were considered together, masking any
possible differences between the dominant and non-dominant sides. Differences in the method-
ology between studies could also be responsible for different results, such as iSP vs bi-hemi-
spheric TMS stimulation or the studied muscle (FDI vs APB). Moreover, several characteristics
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in the different populations, such as starting age and amount of daily practice, may have affected
long-term cortical plasticity [9, 38] and thus explain contrasting findings among these studies.

With this study, we provide evidence for an improved interhemispheric communication,
mainly due to inhibitory interactions, from the non-dominant to the dominant motor cortex
in piano players. A possible explanation is that piano training would tend to balance interhemi-
spheric inhibition, reducing the supremacy of the dominant over the non-dominant hemi-
sphere. Asymmetric interhemispheric inhibition, advantaging the dominant over the non-
dominant hemisphere would favor the dominant hand in approaching unimanual movements.
Nevertheless, most bimanual movements performed in piano players require a similar level of
skill between the two hands. Interestingly, a larger anterior corpus callosum in piano players
who began musical training before the age of seven has been found compared with controls
[33]. From a fractional anisotropy RMI study, it has been hypothesized that musical training
can induce white matter plasticity if it occurs in a period when the involved fiber tracts are still
under maturation. The authors proposed that increased myelination, caused by neural activity
in fiber tracts during training, is one possible mechanism underlying the observed FA increases
in the pyramidal tract in childhood practicing musicians [50].

Moreover, pianists show a lesser interhemispheric asymmetry in the intrasulcal length of
the precentral gyrus (ILPG) in comparison with right-handed nonmusicians controls [7, 15].
The ILPG is a measure of the motor cortex size and it also a correlate of the cortical motor
hand representation evaluated with functional MRI and positron emission tomography (PET)
techniques [51, 52]. Decreased anatomical asymmetry has been associated with a reduced
asymmetry in distal hand/finger motor skills as assessed by index finger-tapping rates mainly
caused by a more pronounced proficiency of the left, nondominant hand [7]. Therefore, the
acquisition of bimanual motor skills, such as playing piano, produces in right handed subjects
a more symmetric motor performance mainly related to an increase in left hand motor efficacy.
This behavioural effect is associated with both structural and functional plastic changes of the
motor system (i.e primary motor cortex and transcallosal connections).

However, it has also been hypothesized that structural brain differences in pianists would be
due to inborn features and not to an effect of motor training [53]. Further studies are thus
needed to assess the impact of preexisting factors, including genetics, that could influence
brain changes associated with short and long-term motor learning. Indeed, we cannot exclude
that the differences observed in our study between piano players and controls can be due to
preexisting factors prompting or enhancing propensity to piano training.

Conclusion

Piano players showed balanced motor cortical representations and interhemispheric inhibitory
interactions, both of which tending to favor the dominant hemisphere in naive subjects. These
changes, consistent with enhanced local and interhemispheric cortical selectivity, may explain
the reduction of involuntary mirroring with respect to naive subjects (as found in the present
study) and of cortical activation as observed in functional neuroimaging studies. Further explora-
tion is needed to disentangle the time course of reshaping of cortical motor representation and
interhemispheric interactions. Both phenomena may well occur in parallel, thus being reciprocal
and interdependent, as it may be suggested by their correlation found in the present study.

Supporting Information

S1 Database. database of behavioural data. Abbreviations: C: controls, P: pianists, L: left, R:
right, NHPT: nine hole peg test, FT: finger tapping, Al: asymmetry index.
(XLS)
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S2 Database. database of TMS mapping parameters. Abbreviations: C: controls, P: pianists,
L: left, R: right, RMT: resting motor threshold, Al: asymmetry index.
(XLS)

$3 Database. database of iSP (ipsilateral silent period) measurements. Abbreviations: C:
controls, P: pianists, L: left, R: right, niSP: normalized ipsilateral silent period, AL: asymmetry
index.

(XLS)

Acknowledgments

Supported through the Joint Italian-Israeli Laboratory San Raffaele-Weizmann (Italian Minis-
try of Foreign Affairs) and INSPE- Institute of Experimental Neurology, Scientific Institute
Hospital San Raffaele, Milan.

Author Contributions

Conceived and designed the experiments: RC LS LL GC. Performed the experiments: RC LS FS
EC AN. Analyzed the data: LS RC AI JJGR LL. Contributed reagents/materials/analysis tools:
LS RC AIJJGR LL. Wrote the paper: LS RC AILL EH.

References

1. Kolb B, Whishaw IQ. Brain plasticity and behavior. Annu Rev Psychol. 1998; 49:43-64. Epub 1998/03/
13. doi: 10.1146/annurev.psych.49.1.43 PMID: 9496621.

2. Recanzone GH, Merzenich MM, Dinse HR. Expansion of the cortical representation of a specific skin
field in primary somatosensory cortex by intracortical microstimulation. Cereb Cortex. 1992; 2(3):181—
96. Epub 1992/05/01. PMID: 1511220.

3. Nudo RJ, Milliken GW, Jenkins WM, Merzenich MM. Use-dependent alterations of movement repre-
sentations in primary motor cortex of adult squirrel monkeys. J Neurosci. 1996; 16(2):785-807. Epub
1996/01/15. PMID: 8551360.

4. Pascual-Leone A, Torres F. Plasticity of the sensorimotor cortex representation of the reading finger in
Braille readers. Brain. 1993; 116 (Pt 1):39-52. Epub 1993/02/01. PMID: 8453464.

5. Karni A, Meyer G, Jezzard P, Adams MM, Turner R, Ungerleider LG. Functional MRI evidence for adult
motor cortex plasticity during motor skill learning. Nature. 1995; 377(6545):155-8. Epub 1995/09/14.
doi: 10.1038/377155a0 PMID: 7675082.

6. ClassenJ, Liepert J, Wise SP, Hallett M, Cohen LG. Rapid plasticity of human cortical movement repre-
sentation induced by practice. J Neurophysiol. 1998; 79(2):1117-23. Epub 1998/04/18. PMID:
9463469.

7. Amunts K, Schlaug G, Jancke L, Steinmetz H, Schleicher A, Dabringhaus A, et al. Motor cortex and
hand motor skills: structural compliance in the human brain. Hum Brain Mapp. 1997; 5(3):206—15.
Epub 1997/01/01. doi: 10.1002/(SICI)1097-0193(1997)5:3&It;206::AID-HBM5&gt;3.0.CO;2—-7 PMID:
20408216.

8. Jancke L, Schlaug G, Steinmetz H. Hand skill asymmetry in professional musicians. Brain Cogn. 1997;
34(3):424-32. Epub 1997/08/01. doi: 10.1006/brcg.1997.0922 PMID: 9292190.

9. Gartner H, Minnerop M, Pieperhoff P, Schleicher A, Zilles K, Altenmuller E, et al. Brain morphometry
shows effects of long-term musical practice in middle-aged keyboard players. Front Psychol. 2013;
4:636. Epub 2013/09/27. doi: 10.3389/fpsyg.2013.00636 PMID: 24069009; PubMed Central PMCID:
PMC3779931.

10. Krings T, Topper R, Foltys H, Erberich S, Sparing R, Willmes K, et al. Cortical activation patterns during
complex motor tasks in piano players and control subjects. A functional magnetic resonance imaging
study. Neurosci Lett. 2000; 278(3):189-93. Epub 2000/02/01. PMID: 10653025.

11.  Kim DE, Shin MJ, Lee KM, Chu K, Woo SH, Kim YR, et al. Musical training-induced functional reorgani-
zation of the adult brain: functional magnetic resonance imaging and transcranial magnetic stimulation
study on amateur string players. Hum Brain Mapp. 2004; 23(4):188—99. Epub 2004/09/28. doi: 10.
1002/hbm.20058 PMID: 15449354.

PLOS ONE | DOI:10.1371/journal.pone.0157952 June 23,2016 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0157952.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0157952.s003
http://dx.doi.org/10.1146/annurev.psych.49.1.43
http://www.ncbi.nlm.nih.gov/pubmed/9496621
http://www.ncbi.nlm.nih.gov/pubmed/1511220
http://www.ncbi.nlm.nih.gov/pubmed/8551360
http://www.ncbi.nlm.nih.gov/pubmed/8453464
http://dx.doi.org/10.1038/377155a0
http://www.ncbi.nlm.nih.gov/pubmed/7675082
http://www.ncbi.nlm.nih.gov/pubmed/9463469
http://dx.doi.org/10.1002/(SICI)1097-0193(1997)5:3&amp;lt;206::AID-HBM5&amp;gt;3.0.CO;2&ndash;7
http://www.ncbi.nlm.nih.gov/pubmed/20408216
http://dx.doi.org/10.1006/brcg.1997.0922
http://www.ncbi.nlm.nih.gov/pubmed/9292190
http://dx.doi.org/10.3389/fpsyg.2013.00636
http://www.ncbi.nlm.nih.gov/pubmed/24069009
http://www.ncbi.nlm.nih.gov/pubmed/10653025
http://dx.doi.org/10.1002/hbm.20058
http://dx.doi.org/10.1002/hbm.20058
http://www.ncbi.nlm.nih.gov/pubmed/15449354

@’PLOS ‘ ONE

Motor Cortical Plasticity in Piano Players

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Haslinger B, Erhard P, Altenmuller E, Hennenlotter A, Schwaiger M, Grafin von Einsiedel H, et al.
Reduced recruitment of motor association areas during bimanual coordination in concert pianists.
Human brain mapping. 2004; 22(3):206—15. Epub 2004/06/15. doi: 10.1002/hbm.20028 PMID:
15195287.

Jancke L, Shah NJ, Peters M. Cortical activations in primary and secondary motor areas for complex
bimanual movements in professional pianists. Brain Res Cogn Brain Res. 2000; 10(1-2):177-83. Epub
2000/09/09. PMID: 10978706.

Lotze M, Scheler G, Tan HR, Braun C, Birbaumer N. The musician's brain: functional imaging of ama-
teurs and professionals during performance and imagery. Neuroimage. 2003; 20(3):1817-29. Epub
2003/12/04. PMID: 14642491.

LiS,HanY,WangD, YangH, Fan Y, Lv Y, et al. Mapping surface variability of the central sulcus in
musicians. Cereb Cortex. 2010; 20(1):25-33. Epub 2009/05/13. doi: 10.1093/cercor/bhp074 PMID:
19433652.

Gaser C, Schlaug G. Gray matter differences between musicians and nonmusicians. Ann N 'Y Acad
Sci. 2003; 999:514-7. Epub 2003/12/19. PMID: 14681175.

Triggs WJ, Subramanium B, Rossi F. Hand preference and transcranial magnetic stimulation asymme-
try of cortical motor representation. Brain Res. 1999; 835(2):324—9. Epub 1999/07/23. PMID:
10415389.

Wassermann EM, Pascual-Leone A, Hallett M. Cortical motor representation of the ipsilateral hand and
arm. Exp Brain Res. 1994; 100(1):121-32. Epub 1994/01/01. PMID: 7813640.

Wilson SA, Thickbroom GW, Mastaglia FL. Transcranial magnetic stimulation mapping of the motor
cortex in normal subjects. The representation of two intrinsic hand muscles. J Neurol Sci. 1993; 118
(2):134—44. Epub 1993/09/01. PMID: 8229061.

Coppi E, Houdayer E, Chieffo R, Spagnolo F, Inuggi A, Straffi L, et al. Age-related changes in motor
cortical representation and interhemispheric interactions: a transcranial magnetic stimulation study.
Front Aging Neurosci. 2014; 6:209. Epub 2014/08/27. doi: 10.3389/fnagi.2014.00209 PMID:
25157232; PubMed Central PMCID: PMC4128298.

Pascual-Leone A, Nguyet D, Cohen LG, Brasil-Neto JP, Cammarota A, Hallett M. Modulation of muscle
responses evoked by transcranial magnetic stimulation during the acquisition of new fine motor skills. J
Neurophysiol. 1995; 74(3):1037—45. Epub 1995/09/01. PMID: 7500130.

Schott GD, Wyke MA. Congenital mirror movements. J Neurol Neurosurg Psychiatry. 1981; 44(7):586—
99. Epub 1981/07/01. PMID: 7288446; PubMed Central PMCID: PMC491063.

Cohen LG, Meer J, Tarkka |, Bierner S, Leiderman DB, Dubinsky RM, et al. Congenital mirror move-
ments. Abnormal organization of motor pathways in two patients. Brain. 1991; 114 (Pt 1B):381-403.
Epub 1991/02/01. PMID: 2004248.

Benecke R, Meyer BU, Freund HJ. Reorganisation of descending motor pathways in patients after
hemispherectomy and severe hemispheric lesions demonstrated by magnetic brain stimulation. Exp
Brain Res. 1991; 83(2):419-26. Epub 1991/01/01. PMID: 2022247.

Alagona G, Delvaux V, Gerard P, De Pasqua V, Pennisi G, Delwaide PJ, et al. Ipsilateral motor
responses to focal transcranial magnetic stimulation in healthy subjects and acute-stroke patients.
Stroke. 2001; 32(6):1304-9. Epub 2001/06/02. PMID: 11387491.

Chieffo R, Inuggi A, Straffi L, Coppi E, Gonzalez-Rosa J, Spagnolo F, et al. Mapping early changes of
cortical motor output after subcortical stroke: a transcranial magnetic stimulation study. Brain Stimul.
2013; 6(3):322-9. Epub 2012/07/11. doi: 10.1016/j.brs.2012.06.003 PMID: 22776700.

Reitz M, Muller K. Differences between ‘congenital mirror movements' and ‘associated movements'in
normal children: a neurophysiological case study. Neurosci Lett. 1998; 256(2):69—72. Epub 1998/12/
16. PMID: 9853705.

Aranyi Z, Rosler KM. Effort-induced mirror movements. A study of transcallosal inhibition in humans.
Exp Brain Res. 2002; 145(1):76-82. Epub 2002/06/19. doi: 10.1007/s00221-002-1101-1 PMID:
12070747.

Zijdewind |, Kernell D. Bilateral interactions during contractions of intrinsic hand muscles. J Neurophy-
siol. 2001; 85(5):1907—13. Epub 2001/05/16. PMID: 11353007.

Armatas CA, Summers JJ, Bradshaw JL. Handedness and performance variability as factors influenc-
ing mirror movement occurrence. J Clin Exp Neuropsychol. 1996; 18(6):823—-35. Epub 1996/12/01. doi:
10.1080/01688639608408305 PMID: 9157107.

Leocani L, Cohen LG, Wassermann EM, Ikoma K, Hallett M. Human corticospinal excitability evaluated
with transcranial magnetic stimulation during different reaction time paradigms. Brain. 2000; 123 (Pt
6):1161-73. Epub 2000/05/29. PMID: 10825355.

PLOS ONE | DOI:10.1371/journal.pone.0157952 June 23,2016 16/18


http://dx.doi.org/10.1002/hbm.20028
http://www.ncbi.nlm.nih.gov/pubmed/15195287
http://www.ncbi.nlm.nih.gov/pubmed/10978706
http://www.ncbi.nlm.nih.gov/pubmed/14642491
http://dx.doi.org/10.1093/cercor/bhp074
http://www.ncbi.nlm.nih.gov/pubmed/19433652
http://www.ncbi.nlm.nih.gov/pubmed/14681175
http://www.ncbi.nlm.nih.gov/pubmed/10415389
http://www.ncbi.nlm.nih.gov/pubmed/7813640
http://www.ncbi.nlm.nih.gov/pubmed/8229061
http://dx.doi.org/10.3389/fnagi.2014.00209
http://www.ncbi.nlm.nih.gov/pubmed/25157232
http://www.ncbi.nlm.nih.gov/pubmed/7500130
http://www.ncbi.nlm.nih.gov/pubmed/7288446
http://www.ncbi.nlm.nih.gov/pubmed/2004248
http://www.ncbi.nlm.nih.gov/pubmed/2022247
http://www.ncbi.nlm.nih.gov/pubmed/11387491
http://dx.doi.org/10.1016/j.brs.2012.06.003
http://www.ncbi.nlm.nih.gov/pubmed/22776700
http://www.ncbi.nlm.nih.gov/pubmed/9853705
http://dx.doi.org/10.1007/s00221-002-1101-1
http://www.ncbi.nlm.nih.gov/pubmed/12070747
http://www.ncbi.nlm.nih.gov/pubmed/11353007
http://dx.doi.org/10.1080/01688639608408305
http://www.ncbi.nlm.nih.gov/pubmed/9157107
http://www.ncbi.nlm.nih.gov/pubmed/10825355

@’PLOS ‘ ONE

Motor Cortical Plasticity in Piano Players

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Schnitzler A, Kessler KR, Benecke R. Transcallosally mediated inhibition of interneurons within human
primary motor cortex. Exp Brain Res. 1996; 112(3):381-91. Epub 1996/12/01. PMID: 9007540.

Schlaug G, Jancke L, Huang Y, Staiger JF, Steinmetz H. Increased corpus callosum size in musicians.
Neuropsychologia. 1995; 33(8):1047-55. Epub 1995/08/01. PMID: 8524453.

Trompetto C, Buccolieri A, Marchese R, Marinelli L, Michelozzi G, Abbruzzese G. Impairment of trans-
callosal inhibition in patients with corticobasal degeneration. Clin Neurophysiol. 2003; 114(11):2181-7.
Epub 2003/10/29. PMID: 14580617.

Ferbert A, Priori A, Rothwell JC, Day BL, Colebatch JG, Marsden CD. Interhemispheric inhibition of the
human motor cortex. J Physiol. 1992; 453:525-46. Epub 1992/01/01. PMID: 1464843; PubMed Central
PMCID: PMC1175572.

Meyer BU, Roricht S, Grafin von Einsiedel H, Kruggel F, Weindl A. Inhibitory and excitatory interhemi-
spheric transfers between motor cortical areas in normal humans and patients with abnormalities of the
corpus callosum. Brain. 1995; 118 (Pt 2):429-40. Epub 1995/04/01. PMID: 7735884.

Giovannelli F, Borgheresi A, Balestrieri F, Zaccara G, Viggiano MP, Cincotta M, et al. Modulation of
interhemispheric inhibition by volitional motor activity: an ipsilateral silent period study. J Physiol. 2009;
587(Pt 22):5393—-410. Epub 2009/09/23. doi: 10.1113/jphysiol.2009.175885 PMID: 19770195; PubMed
Central PMCID: PMC2793872.

Steele CJ, Bailey JA, Zatorre RJ, Penhune VB. Early musical training and white-matter plasticity in the
corpus callosum: evidence for a sensitive period. J Neurosci. 2013; 33(3):1282—-90. Epub 2013/01/18.
doi: 10.1523/JNEUROSCI.3578-12.2013 PMID: 23325263.

Ridding MC, Brouwer B, Nordstrom MA. Reduced interhemispheric inhibition in musicians. Exp Brain
Res. 2000; 133(2):249-53. Epub 2000/09/01. PMID: 10968226.

Rosenkranz K, Williamon A, Rothwell JC. Motorcortical excitability and synaptic plasticity is enhanced
in professional musicians. J Neurosci. 2007; 27(19):5200-6. Epub 2007/05/15. doi: 10.1523/
JNEUROSCI.0836-07.2007 PMID: 17494706.

Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsycholo-
gia. 1971; 9(1):97-113. Epub 1971/03/01. PMID: 5146491.

Oxford Grice K, Vogel KA, Le V, Mitchell A, Muniz S, Vollmer MA. Adult norms for a commercially avail-
able Nine Hole Peg Test for finger dexterity. Am J Occup Ther. 2003; 57(5):570-3. Epub 2003/10/07.
PMID: 14527120.

Rossini PM, Barker AT, Berardelli A, Caramia MD, Caruso G, Cracco RQ, et al. Non-invasive electrical
and magnetic stimulation of the brain, spinal cord and roots: basic principles and procedures for routine
clinical application. Report of an IFCN committee. Electroencephalogr Clin Neurophysiol. 1994; 91
(2):79-92. Epub 1994/08/01. PMID: 7519144.

Spagnolo F, Coppi E, Chieffo R, Straffi L, Fichera M, Nuara A, et al. Interhemispheric balance in Parkin-
son's disease: a transcranial magnetic stimulation study. Brain Stimul. 2013; 6(6):892—-7. Epub 2013/
07/03. doi: 10.1016/j.brs.2013.05.004 PMID: 23810506.

Conover WJ, Iman RL. Analysis of covariance using the rank transformation. Biometrics. 1982; 38
(8):715—24. Epub 1982/09/01. PMID: 7171697.

Gilbert AN, Wysocki CJ. Hand preference and age in the United States. Neuropsychologia. 1992; 30
(7):601-8. Epub 1992/07/01. PMID: 1528408.

Rasmussen P. Persistent mirror movements: a clinical study of 17 children, adolescents and young
adults. Dev Med Child Neurol. 1993; 35(8):699-707. Epub 1993/08/01. PMID: 8335159.

Cincotta M, Ziemann U. Neurophysiology of unimanual motor control and mirror movements. Clin Neu-
rophysiol. 2008; 119(4):744-62. Epub 2008/01/12. doi: 10.1016/j.clinph.2007.11.047 PMID: 18187362.

Hubers A, Orekhov Y, Ziemann U. Interhemispheric motor inhibition: its role in controlling electromyo-
graphic mirror activity. Eur J Neurosci. 2008; 28(2):364—71. Epub 2008/08/16. doi: 10.1111/j.1460-
9568.2008.06335.x PMID: 18702707.

Bengtsson SL, Nagy Z, Skare S, Forsman L, Forssberg H, Ullen F. Extensive piano practicing has
regionally specific effects on white matter development. Nat Neurosci. 2005; 8(9):1148-50. Epub 2005/
08/24. doi: 10.1038/nn1516 PMID: 16116456.

Kim SG, Ashe J, Hendrich K, Ellermann JM, Merkle H, Ugurbil K, et al. Functional magnetic resonance
imaging of motor cortex: hemispheric asymmetry and handedness. Science. 1993; 261(5121):615-7.
Epub 1993/07/30. PMID: 8342027.

Grafton ST, Woods RP, Mazziotta JC, Phelps ME. Somatotopic mapping of the primary motor cortex in
humans: activation studies with cerebral blood flow and positron emission tomography. J Neurophysiol.
1991; 66(3):735—-43. Epub 1991/09/01. PMID: 1753284.

PLOS ONE | DOI:10.1371/journal.pone.0157952 June 23,2016 17/18


http://www.ncbi.nlm.nih.gov/pubmed/9007540
http://www.ncbi.nlm.nih.gov/pubmed/8524453
http://www.ncbi.nlm.nih.gov/pubmed/14580617
http://www.ncbi.nlm.nih.gov/pubmed/1464843
http://www.ncbi.nlm.nih.gov/pubmed/7735884
http://dx.doi.org/10.1113/jphysiol.2009.175885
http://www.ncbi.nlm.nih.gov/pubmed/19770195
http://dx.doi.org/10.1523/JNEUROSCI.3578-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23325263
http://www.ncbi.nlm.nih.gov/pubmed/10968226
http://dx.doi.org/10.1523/JNEUROSCI.0836-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.0836-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17494706
http://www.ncbi.nlm.nih.gov/pubmed/5146491
http://www.ncbi.nlm.nih.gov/pubmed/14527120
http://www.ncbi.nlm.nih.gov/pubmed/7519144
http://dx.doi.org/10.1016/j.brs.2013.05.004
http://www.ncbi.nlm.nih.gov/pubmed/23810506
http://www.ncbi.nlm.nih.gov/pubmed/7171697
http://www.ncbi.nlm.nih.gov/pubmed/1528408
http://www.ncbi.nlm.nih.gov/pubmed/8335159
http://dx.doi.org/10.1016/j.clinph.2007.11.047
http://www.ncbi.nlm.nih.gov/pubmed/18187362
http://dx.doi.org/10.1111/j.1460-9568.2008.06335.x
http://dx.doi.org/10.1111/j.1460-9568.2008.06335.x
http://www.ncbi.nlm.nih.gov/pubmed/18702707
http://dx.doi.org/10.1038/nn1516
http://www.ncbi.nlm.nih.gov/pubmed/16116456
http://www.ncbi.nlm.nih.gov/pubmed/8342027
http://www.ncbi.nlm.nih.gov/pubmed/1753284

el e
@ ) PLOS ‘ ONE Motor Cortical Plasticity in Piano Players

53. HydeKL, Lerch J, Norton A, Forgeard M, Winner E, Evans AC, et al. Musical training shapes structural
brain development. J Neurosci. 2009; 29(10):3019-25. Epub 2009/03/13. doi: 10.1523/JNEUROSCI.
5118-08.2009 PMID: 19279238; PubMed Central PMCID: PMC2996392.

PLOS ONE | DOI:10.1371/journal.pone.0157952 June 23,2016 18/18


http://dx.doi.org/10.1523/JNEUROSCI.5118-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.5118-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19279238

