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Ceiling Effects Prevent Further Improvement of Transcranial
Stimulation in Skilled Musicians
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The roles of the motor cortex in the acquisition and performance of skilled finger movements have been extensively investigated over
decades. Yet it is still not known whether these roles of motor cortex are expertise-dependent. The present study addresses this issue by
comparing the effects of noninvasive transcranial direction current stimulation (tDCS) on the fine control of sequential finger move-
ments in highly trained pianists and musically untrained individuals. Thirteen pianists and 13 untrained controls performed timed-
sequence finger movements with each of the right and left hands before and after receiving bilateral tDCS over the primary motor cortices.
The results demonstrate an improvement of fine motor control in both hands in musically untrained controls, but deterioration in
pianists following anodal tDCS over the contralateral cortex and cathodal tDCS over the ipsilateral cortex compared with the sham
stimulation. However, this change in motor performance was not evident after stimulating with the opposite montage. These findings
support the notion that changes in dexterous finger movements induced by bihemispheric tDCS are expertise-dependent.
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Introduction
Skilled finger movements represent a highly sophisticated human
activity. The primary motor cortex plays the most important role
in dexterous use of the hand (Gentner et al., 2010). Previous
studies have demonstrated an increase in neural activity of the
motor cortex during the acquisition of hand motor skills (Graf-
ton et al., 1995; Karni et al., 1995; Honda et al., 1998; Steele and
Penhune, 2010). Furthermore, extensive training of sequential
finger movements enlarges neural representations of finger mus-
cles in the primary motor cortex (Pascual-Leone et al., 1995).
Enhancement of motor cortical excitability by transcranial direct
current stimulation (tDCS) delivered over the primary motor
cortex has also been found to improve fine motor control of the
contralateral hand (Nitsche et al., 2003; Vines et al., 2008b; Reis et
al., 2009). In addition, suppression of the ipsilateral motor cortex
by tDCS enhanced hand motor skills (Vines et al., 2008a), possi-
bly due to reduced intercortical inhibition of the contralateral
cortex (Williams et al., 2010; Sehm et al., 2013). However, previ-
ous studies have focused primarily on neuroplasticity subserving
motor skill acquisition in untrained healthy individuals (Dayan
and Cohen, 2011) and in patients with neurological disorders

(Fregni and Pascual-Leone, 2007; Bradnam et al., 2012; Schulz et
al., 2013). Our understanding of the function of the motor cortex
in skilled finger movements in highly trained individuals, such as
musicians, is limited.

Evidence does exist for neuroplastic adaptations of the motor
cortex through extensive musical training (Münte et al., 2002).
Several studies have demonstrated reduced activation of the pri-
mary motor cortex contralateral to the hand that underwent
complex finger movements in musicians, compared with un-
trained individuals (Jäncke et al., 2000; Krings et al., 2000). Mu-
sicians with focal dystonia are characterized by abnormal
overactivation of the motor cortex (Pujol et al., 2000; Haslinger et
al., 2010) and reduction of surround inhibition (Rosenkranz et
al., 2009), which may underlie loss of fine motor control (Furuya
and Altenmüller, 2013a, b). It is therefore possible that facilita-
tion of motor cortical excitability degrades skilled finger move-
ments of the contralateral hand in trained musicians as opposed
to untrained individuals. Indeed, a long-term manual training
study reported a nonlinear relation between motor cortical excit-
ability and training duration (Koeneke et al., 2006). In contrast,
training of complex finger movements elicited a larger improve-
ment in motor skills and larger increase in neuronal activity at the
contralateral primary motor cortex for pianists than nonmusi-
cians (Hund-Georgiadis and von Cramon, 1999). This finding
raises the alternative possibility that fine motor control of the
hand may be improved by facilitating the contralateral motor
cortex, as has been observed in untrained individuals.

To address the question of whether functional changes in the
motor cortex during fine motor control depend on expertise, we
assessed differences in the effects of noninvasive transcranial
stimulation on skilled finger movements of highly trained pia-
nists compared with untrained individuals. Probing the effects of

Received March 23, 2014; revised July 30, 2014; accepted Aug. 17, 2014.
Author contributions: S.F., M.A.N., W.P., and E.A. designed research; S.F. and M.K. performed research; S.F.

contributed unpublished reagents/analytic tools; S.F. analyzed data; S.F., M.A.N., W.P., and E.A. wrote the paper.
This work was supported by the Alexander von Humboldt Foundation and the Japan Society for the Promotion of

Science.
The authors declare no competing financial interests.
*S.F. and M.K. contributed equally to this work and share co-first authorship.
Correspondence should be addressed to Dr. Shinichi Furuya, Department of Information and Communication

Sciences, Sophia University, 4-4 Chiyoda-ku Tokyo, Japan 1020081. E-mail: auditory.motor@gmail.com.
DOI:10.1523/JNEUROSCI.1170-14.2014

Copyright © 2014 the authors 0270-6474/14/3413834-06$15.00/0

13834 • The Journal of Neuroscience, October 8, 2014 • 34(41):13834 –13839

mailto:auditory.motor@gmail.com


tDCS possibly overcomes a potential limitation of the above-
mentioned previous neuroimaging studies, namely, the difficulty
in deciding whether distinct motor cortical activity in musi-
cians is the cause or an epiphenomenon of their superior
motor performance. We also assessed polarity-dependent
changes in fine motor control of the hand following tDCS to
determine whether facilitation and suppression yield symmet-
ric behavioral outcomes.

Materials and Methods
Participants. Thirteen right-handed expert pianists with no history of
neurological disorders (8 females, 18 –31 years old) and 13 right-handed
nonmusicians with no experience of studying piano playing (6 females,
20 –31 years old) participated in the experiment. All expert pianists had
majored in piano at music conservatories and had a history of at least 13
years of extensive piano training (range 13–27 years; 18.0 � 3.7 years).
The Edinburgh handedness test showed that all participants were right-
handed (range from 40 to 80 for all participants) (Oldfield, 1971). In
accordance with the Declaration of Helsinki, the experimental proce-
dures were explained to all participants. Informed consent was obtained
from all participants before participation in the experiment, and the
experimental protocol was approved by the ethics committee of the Ha-
nover Medical School.

Experimental design. Each individual was asked to participate in three
experimental sessions with different stimulation protocols, each of which
was separated by �2 weeks to minimize any carryover effect of the stim-
ulation. The order of the stimulation protocols was balanced across par-
ticipants, and the experimental design was double-blinded.

Each experimental session consisted of a pretest, stimulation, and
post-test. tDCS was applied during a state of rest. Participants sat on a
chair and did not perform any movements. We used a bihemispheric
tDCS that may elicit more pronounced improvement of hand motor
skills (Vines et al., 2008b) and facilitation of motor cortical excitability
(Lindenberg et al., 2013) than conventional unihemispheric stimulation.
Two active water-soaked tDCS electrodes were put on locations C3 and
C4 (primary motor cortex), which were identified using the international
10 –20 electroencephalogram system. We stimulated the motor cortex
because this region represents the motor program responsible for acqui-
sition of hand motor skills (Gentner et al., 2010). The current montage
was adopted to modulate cortical excitability of both hemispheres simul-
taneously. To minimize current shunt between the electrodes over the
scalp, the location of the electrodes was carefully selected so that the
distance between the edges of the electrodes was at least 6 cm (Rush and
Driscoll, 1968). tDCS was applied throughout the entire stimulation ses-
sion, which lasted for 15 min. The three stimulation protocols were re-
ferred to as “RaLc,” “RcLa,” and “sham.” For the “RaLc” and “sham”
conditions, the cathodal electrode (excitability diminution) was placed
on the left hemisphere and the anodal (excitability enhancement) on the
right side of the cortex, and vice versa for the “RcLa” condition. The
intensity of stimulation was 2 mA; tDCS lasted for 15 min for the “RaLc”
and “RcLa” protocols, but for only the initial 30 s for the “sham” proto-
col. tDCS was induced through sponge electrodes (surface � 35 cm 2)
and delivered by a battery-driven constant-current stimulator (eldith).
This method has already been used in numerous studies and is regarded
as safe (Nitsche and Paulus, 2000). The ramping time of the stimulation
was 8 s.

During the pretest and post-test sessions, each participant played a
sequence of keystrokes for 8 s with the right and left hands in synchrony
with a metronome (interkeystroke interval � 333 ms) as accurately as
possible. A sequence consists of successive strikes of four adjacent piano
keys with four fingers serially and repeatedly (i.e., L ¡ R ¡ M ¡ I ¡ M
¡ R ¡ L ¡…; I, M, R, and L indicates the index, middle, ring, and little
finger, respectively). The keys to be struck were G, F, E, and D for the
right hand, and C–F for the left hand. We chose a short test sequence to
reduce performance improvements due to repetition.

Before the first day of experiment, each participant was asked to famil-
iarize themselves with the task. In particular, nonmusicians were in-
structed during a preliminary session as to which keys had to be struck

with which fingers. The familiarization session continued until he/she
could perform the task consistently without erroneous keystrokes. This
session took maximally 1 min for the expert pianists and maximally 10
min for the nonmusicians. At the end of the session, all participants could
perform the sequential keystrokes readily.

Data acquisition and analysis. We recorded the time of each keystroke
in pre- and post-test conditions with a custom-made script running on
LabView (Furuya and Soechting, 2010). The SD of the interkeystroke
intervals (IKI-SD) across strokes, and both mean and SD of the finger-
key contact duration (CD-mean, CD-SD) across strokes were computed.
A small value of the IKI-SD and CD-SD indicates high evenness of strik-
ing and lifting keys with very low rhythmic variability. A small value of
the CD-mean indicates quick transition from the striking to lifting mo-
tion. In particular, a quick transition of movement direction of individ-
ual fingers is difficult in the current movement task because the
performed sequential movements make independent movement of the
fingers difficult. The amount of change in each of the variables by the
stimulation was evaluated by computing a ratio value between the pretest
and post-test. We computed a post/pre ratio value to normalize potential
interindividual differences in fine motor control across participants.

Statistical analysis. Based on previous findings regarding the tDCS
effects on fine motor control (Lefebvre et al., 2014) and independent
control of finger movements (Waters-Metenier et al., 2014), we hypoth-
esized changes in movement variability of key-presses (IKI-SD) and key-
releases (CD-SD) and movement quickness (CD-mean) following the
stimulation and their difference between the trained and untrained play-
ers. To test whether the effect of the stimulation depended on electrode
montage, performing hand, and/or expertise, a three-way ANOVA with
mixed design using “stimulation protocol” (“RaLc,” “RcLa,” sham) and
“hand” (right and left) as the within-factors and “group” (expert pianists
and nonmusicians) as the between-factor was performed ( p � 0.05).
Each of the dependent variables was standardized by dividing by the
baseline performance (i.e., a ratio value between the pretest and post-
test). We did not expect effects of repetition of the tests over 3 d on motor
performance because: (1) the sequence used for the test was fairly short;
and (2) the initial familiarization session was done until the performance
reached a plateau. Indeed, none of the aforementioned dependent vari-
ables showed any significant intersession learning effects ( p � 0.05). Post
hoc tests were performed using t tests with multiple-comparison correc-
tion (Benjamini and Hochberg, 1995) in case of significant ANOVA
results. The statistical analyses were performed using R (version 3.0.2).
We used a partial �-squared (� 2) measure as an index of effect size,
which was computed using an R package called “ez.”

Results
Baseline performance at the pretest
To assess whether motor performance at pretest was invariant
across stimulation protocols and different between the
groups, a three-way ANOVA with mixed design was per-
formed (Table 1). The results showed a significant main effect
of group on each of the variables (IKI-SD: F(1,24) � 78.12, p �
5.17 � 10 �9, � 2 � 0.63; CD-mean: F(1,24) � 4.98, p � 0.04,
� 2 � 0.24; CD-SD: F(1,12) � 7.86, p � 0.01, � 2 � 0.22), which
confirms larger values for the nonmusicians than the pianists.
No main effect of protocol or interaction effect of protocol
and group was identified for any of the variables ( p � 0.05,
� 2�0.01), which indicates no difference of motor perfor-
mance at the pretest across the stimulation protocols.

Timing of key-striking and key-lifting motions at pretest
and post-tests
Figure 1 displays group means of the key-striking and key-release
timing of the first seven strokes at the pretest (top) and post-test
(bottom) with the left hand in the RcLa condition by each of
expert pianists (left) and nonmusicians (right). Time 0 indicates
the moment of the initial stroke. At the pretest, the finger-key
contact duration was �300 ms and constant across strokes for the
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pianists, and 400 ms and variable across
strikes for the nonmusicians. At the post-
test, this feature was maintained for the
experts, whereas the nonmusicians dis-
played shorter and more consistent
finger-key contact duration.

Group differences in effects of
bihemispheric tDCS
Figure 2 illustrates group means of ratio
values for the IKI-SD, CD-mean, and
CD-SD between pretest and post-test with
the right and left hands in three stimula-
tion conditions in the pianists and non-
musicians. For the IKI-SD (Fig. 2A,B),
three-way mixed-design ANOVA identi-
fied both interaction effect between group
and protocol (F(2,48) � 10.19, p � 2.06 �
10�4, � 2 � 0.16) and main effect of group
(F(1,24) � 17.46, p � 3.35 � 10�4, � 2 �
0.15). Post hoc tests found a larger value
for the experts than the nonmusicians in
the RcLa condition at the right hand,
and in the RaLc condition at the left
hand. Only for the nonmusicians, there
was a significant difference between the
RaLc and sham conditions at the left
hand. None of the remaining interac-
tion and main effects was significant
( p � 0.05).

For the CD-mean (Fig. 2C,D), the
three-way mixed-design ANOVA identi-
fied significant interaction effects of
group and protocol (F(2,48) � 14.51, p �
1.17 � 10�5, � 2 � 0.21). In addition,
there was a main effect of group (F(1,24) �
5.25, p � 0.03, � 2 � 0.03) and condition
(F(2,48) � 3.96, p � 0.03, � 2 � 0.07). None
of the remaining interactions or main ef-
fects was significant (p � 0.05). For the
right hand, post hoc tests identified a larger
value in the RcLa condition compared
with the sham condition in the pianists,
and vice versa in the nonmusicians. In ad-
dition, only in the RcLa condition, the
value was larger for the pianists than the
nonmusicians. For the left hand, nonmusicians showed a smaller
value in the RaLc condition compared with the sham condition.
In addition, only in the RaLc condition, a group difference was
evident, displaying a smaller value for the nonmusicians. There

was no significant difference between the right and left hands for
any of the groups or protocols.

For CD-SD (Fig. 2E,F), the three-way mixed-design,
ANOVA identified significant interaction effects of group, pro-

Table 1. Baseline motor performance at the pretesta

Hand

Motor performance (ms)

Pianists Nonmusicians

RaLc RcLa Sham RaLc RcLa Sham

IKI-SD Right 10.6 (2.6) 12.1 (3.8) 11.4 (2.1) 29.4 (7.3) 27.0 (7.7) 27.4 (8.7)
Left 10.8 (3.4) 10.9 (2.6) 11.4 (2.8) 32.9 (15.2) 30.0 (9.6) 30.0 (7.9)

CD-mean Right 321.1 (40.4) 311.4 (35.1) 326.1 (42.2) 404.4 (40.5) 406.6 (39.5) 398.6 (41.6)
Left 310.4 (31.3) 318.1 (40.4) 319.8 (41.5) 404.1 (43.0) 399.9 (38.0) 389.9 (20.9)

CD-SD Right 23.4 (10.0) 22.0 (8.7) 23.7 (11.2) 51.0 (33.5) 48.4 (27.5) 48.3 (23.4)
Left 20.8 (7.6) 21.6 (9.1) 19.6 (8.2) 63.9 (46.8) 56.5 (32.6) 52.7 (25.0)

aValues are mean (SD).

Figure 1. Group means of the key-press and key-release timings of the first seven strokes in the pretest (top) and post-test
(bottom), with the left hand in the RcLa condition in the expert pianists (left) and nonmusicians (right). A left and right edge of a
black horizontal bar corresponds to timing of the key-press and key-release of each stroke, respectively. x-axis and y-axis indicates
time and pitch, respectively. Time 0 indicates the moment of the initial stroke.
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tocol, and hand (F(2,48) � 7.59, p � 0.001, � 2 � 0.06) and of
group and protocol (F(2,48) � 16.50, p � 3.51 � 10�6, � 2 � 0.23).
In addition, there was a main effect of group (F(1,24) � 13.77, p �
0.001, � 2 � 0.09). Again, none of the remaining interactions and
main effects was significant (p � 0.05). For the right hand, post
hoc tests identified a larger value in the RaLc condition compared
with the sham condition in the pianists, and vice versa in the
nonmusicians. In addition, only in the RaLc condition, the value
was larger for the pianists than the nonmusicians. For the left
hand, the RcLa condition showed a larger value compared with
both the RaLc and sham conditions only for the experts. In addi-
tion, the value was significantly larger for the experts than the
nonmusicians in the RcLa condition.

Discussion
The results of the present study demon-
strate contrasting effects of noninvasive
transcranial stimulation over the primary
motor cortex on fine control of finger
movements between pianists and un-
trained individuals. These findings thus
provide evidence for expertise-dependent
functional roles of motor cortices in fine
motor control. In untrained individuals,
both finger-key contact duration and its
variability during keystrokes, as well as the
variability of the interkeystroke interval,
were decreased following anodal and
cathodal stimulation over the contralat-
eral and ipsilateral motor cortex. This ob-
servation of enhanced fine motor control
corroborates previous findings of im-
proved accuracy of finger movements
caused by anodal tDCS over the contralat-
eral motor cortex (Vines et al., 2006),
cathodal tDCS over the ipsilateral motor
cortex (Vines et al., 2008a), and both
(Vines et al., 2008b; Waters-Metenier et
al., 2014). These findings suggest an asso-
ciation between facilitation of motor
cortical excitability and skilled finger
movements. Skill acquisition of sequen-
tial finger movements through practice in
untrained individuals involves enhance-
ment of contralateral motor cortical excit-
ability (Pascual-Leone et al., 1995). The
present bihemispheric tDCS may further
enhance facilitation of motor cortical ex-
citability associated with acquisition of
fine motor control.

By contrast, the highly trained pianists
did not display such an improvement in
motor skill following stimulation. In-
stead, the movement variability of the
hand contralateral to the anodal stimula-
tion was even increased after the stimula-
tion, which indicates deterioration of
skilled finger movements. Skillful finger
movements during successive pressing of
keys require independent control of indi-
vidual fingers, such as flexing one finger
for pressing down a key while extending
the adjacent finger for lifting a key (Fu-
ruya et al., 2011). A fine-tuned spatiotem-

poral pattern of activation and deactivation of multiple finger
muscles thus ensures accurate production of precisely timed se-
quential finger movements (Parlitz et al., 1998; Winges et al.,
2013). Neuroimaging studies also report smaller motor cortical
activations in pianists compared with untrained individuals dur-
ing complex finger movements, which suggests selective recruit-
ment of specific motor neurons (Jäncke et al., 2000; Krings et al.,
2000). Facilitation of motor cortical excitability in trained pia-
nists may therefore disrupt selective neuromuscular recruitment,
such as unwanted facilitation of motor neurons innervating mus-
cles to be suppressed. In line with this hypothesis, studies using
transcranial magnetic stimulation have demonstrated loss of sur-

A B

C D

E F

Figure 2. Group means of the change in the IKI-SD (A, B), CD-mean (C, D), and CD-SD (E, D) following the stimulation for the
expert pianists (black) and nonmusicians (white) at the right (A, C, E) and left hand (B, D, F ). x-axis indicates the stimulation
protocols. *p � 0.05. **p � 0.01. ***p � 0.001. Error bar indicates SEM within each of the groups.
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round inhibition, which compromises fine motor control in the
hand muscles of patients with focal hand dystonia (Rosenkranz et
al., 2009).

The differential findings on motor cortical excitability be-
tween the skilled pianists and nonmusicians indicate a different
functional architecture of the motor cortex. Playing the piano
requires many varying patterns of movement coordination
across joints and muscles (Gentner et al., 2010; Furuya et al.,
2011), which may require a fine-tuned, elaborated motor cortex
organization. Such a network might be disturbed more easily
than a motor cortex containing relatively nonspecialized motor
programs. It is also possible that the relation between training
and motor cortical excitability forms an inverse U-shape, which
may explain our observation of both improvement and deterio-
ration of fine motor control in the pianists and nonmusicians
after facilitating stimulation. Indeed, improved motor perfor-
mance seems to be associated with reduced excitability enhance-
ment after an initial phase of enhanced excitability of the
respective area (Pascual-Leone et al., 1994).

Interestingly, motor skill was not altered following stimula-
tion with the opposite montage (i.e., cathodal over the contralat-
eral motor cortex and anodal over the ipsilateral one). This
indicates polarity-dependent effects of bihemispheric tDCS over
motor cortices on motor performance. However, importantly,
there was no difference in the performance change both between
the RaLc and RcLa montages for each hand, and between the
hands for each montage. Therefore, the actual relevance of an-
odal versus cathodal stimulation still remains unclear. It seems
unlikely that a lack of behavioral changes indicates no neuro-
physiological changes elicited by the stimulation because previ-
ous studies have demonstrated modulation of motor cortical
excitability in an opposite direction between the contralateral
and ipsilateral sides with bihemispheric tDCS (Paquette et al.,
2011; Zheng et al., 2011; Mordillo-Mateos et al., 2012).

The present study cannot rule out the possibility that the cur-
rent stimulation affected motor cortices adjacent to the stimu-
lated regions, such as supplementary motor areas (SMA), because
of the relatively large electrode size. An fMRI study showed that
anodal tDCS over the primary motor cortex with a similar mon-
tage facilitated SMA activation (Kwon et al., 2008). A number of
studies have demonstrated that SMA plays a role in the perfor-
mance of complex sequential finger movements (Sadato et al.,
1997). Thus, the behavioral changes obtained following tDCS
may be attributed to modulation of neuronal activation, not only
of the primary motor cortices but also of SMA and other adjacent
regions.

A further limitation of this study is an apparent difference in
the amount of difficulty in memorizing and performing the
movement sequence between pianists and nonmusicians. In-
deed, during the familiarization session, pianists performed the
movement sequence only a few times, whereas nonmusicians had
to perform it much more frequently to reach stable performance
levels. One may therefore suspect that the expertise-dependent
behavioral changes originated from a difference in offline learn-
ing during rest between expert pianists and nonmusicians. Al-
though we cannot completely exclude this possibility, a
familiarization session to practice the sequence of finger move-
ments was performed only for the first experiment, and the order
of three experiments was randomized across participants. More-
over, an expertise-dependent difference in offline learning does
not provide any reasonable explanation for the performance-
diminishing effect of anodal tDCS on fine motor control of the

contralateral hand in expert pianists. We thus believe that the
observed expertise-dependent behavioral changes resulted only
from the stimulation. The present study may have implications
for the area of neuroenhancement. In particular, “doping” by
transcranial stimulation is receiving increasing attention among
lay people and the press. As shown here in the area of highest
possible motor performance, it seems that transcranial stimula-
tion may not only be unable to improve but may even worsen
performance under specific conditions, which would make un-
controlled use of the technique for enhancement of performance
questionable.
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