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Effects of Long-Term Practice and Task
Complexity in Musicians and Nonmusicians
Performing Simple and Complex Motor Tasks:
Implications for Cortical Motor Organization
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Abstract: Motor practice induces plastic changes within the cortical motor system. Whereas rapidly
evolving changes of cortical motor representations were the subject of a number of recent studies, effects
of long-term practice on the motor system are so far poorly understood. In the present study pianists and
nonmusicians were investigated using functional magnetic resonance imaging. Both groups performed
simple and complex movement sequences on a keyboard with the right hand, the tasks requiring different
levels of ordinal complexity. The aim of this study was to characterize motor representations related to
sequence complexity and to long-term motor practice. In nonmusicians, complex motor sequences
showed higher fMRI activations of the presupplementary motor area (pre-SMA) and the rostral part of the
dorsal premotor cortex (PMd) compared to simple motor sequences, whereas musicians showed no
differential activations. These results may reflect the higher level of visuomotor integration required in the
complex task in nonmusicians, whereas in musicians this rostral premotor network was employed during
both tasks. Comparison of subject groups revealed increased activation of a more caudal premotor
network in nonmusicians comprising the caudal part of the PMd and the supplementary motor area. This
supports recent results suggesting a specialization within PMd. Furthermore, we conclude that plasticity
due to long-term practice mainly occurs in caudal motor areas directly related to motor execution. The
slowly evolving changes in M1 during motor skill learning may extend to adjacent areas, leading to more

effective motor representations in pianists. Hum Brain Mapp 25:345-352, 2005.
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INTRODUCTION

Sightreading and music performance requires processing
very complex visuomotor transformation, motor sequences,
and motor skills [Palmer, 1997]. Previous studies using func-
tional imaging revealed that an occipito-parieto-frontal net-
work is mainly involved in the process of sightreading and
music performance [Sergent, 1992]. Professional musicians
are highly trained in these domains. As a result, learning
new complex motor sequences for them is easier than in
nonmusicians and requires a smaller cortical network
[Hund-Georgiadis and von Cramon, 1999]. This finding is in
line with recent results which support the view that changes
to the cortical auditory and the visuomotor system in musi-
cians provide a model of long-term plasticity [Miinte et al.,
2002].
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The present study focused on differential activation pat-
terns of the motor system during execution of previously
trained simple and complex movement sequences on a pi-
ano keyboard. In a previous pilot study, the extent of acti-
vation in the primary and secondary motor and parietal
areas was investigated, revealing a significantly smaller cor-
tical network for an overtrained complex movement se-
quence in professional piano players [Krings et al., 2000].

Studies in monkeys and in humans using functional im-
aging indicate that there is a rostrocaudal gradient in the
cortical motor system concerning movement complexity and
degree of practice [Geyer et al., 2000]. However, the whole
system of primary and secondary cortical motor areas is
activated in simple finger movements [Kollias et al., 2001] as
well, suggesting that an increasing task complexity mainly
leads to a higher degree of activation in cortical motor areas.

The aim of the present study was to compare the cerebral
activation in musicians and nonmusicians who had to per-
form previously trained simple and complex motor se-
quences.

SUBJECTS AND METHODS
Subjects

Twelve students of the Cologne School of Music (musi-
cians: 10 female, two male; mean age 26.6 years) and 12
subjects without any experience in music performance (non-
musicians: seven female, five male; mean age 25.4 years)
were investigated. All subjects were right-handed according
to the Edinburgh Handedness Inventory. All musicians had
piano as their principal instrument; on average, they played
piano for 18.4 years and practiced weekly for 22 hours. Their
musical training had started on average at the age of eight.
Written informed consent was obtained from all subjects in
accordance with the guidelines of the local ethics committee.

Task

Subjects were asked to perform two different movement
sequences on a keyboard, a simple and a complex sequence,
which were presented in musical notation on a computer
screen. Before scanning, the nonmusicians learned the sim-
ple musical notation of the sequences until they were famil-
iar with it. The simple task consisted of pressing sequential
keys beginning with the thumb on different keys (1-2-3-4-5).
During the complex task, subjects had to omit varying fin-
gers of the sequential movement and to start each sequence
with a different key (2-3-4-5, 1-3-4-5, etc.), thus demanding a
higher level of ordinal complexity with equal interval prop-
erties as the simple task.

The keyboard was a commercially available electronic
keyboard synthesizer which was stripped of all electronic
components to make it suitable for MRI. Playing the key-
board did not, therefore, elicit any sound. Before MRI scan-
ning, the subject had to play the sequences until their per-
formance no longer improved. In the MRI scanner the
subjects lay in a prone position with the keyboard placed on

their lap. The notes of the sequences were presented via a
mirror placed in front of the subjects head. As baseline, the
note “a” was presented as a crotchet in musical notation as
many times as the total number of notes in the simple and
complex task. The subjects were instructed to read the notes
of the baseline condition similar to the movement sequences,
but not to play it.

There were two experimental conditions during “on” pe-
riods of an epoch paradigm, alternated by the baseline con-
dition (“off” periods). The baseline condition during the
“off” period consisted of reading the notes of the baseline
paradigm without moving the hand or imagining music.
The performance of the movement sequences and the lack of
hand movement during “off” periods was controlled by
monitoring the hand movements of the subjects with a vid-
eocamera during the fMRI session. The videotapes were
used for analysis of regularity (number of errors) and speed
(number of keystrokes during the on periods), which were
compared between subject groups using Student’s t-test.

fMRI Procedure

The cerebral activation was studied with fMRI employing
the blood oxygen level-dependent (BOLD) contrast on a 1.5
T Philips Gyroscan (Philips, Best, The Netherlands) scanner
in a standard headcoil. An epoch design was used with two
sessions with three each active conditions (simple or com-
plex task) and three baseline conditions (reading the note
“a”). The fMRI sessions comprised four dummy scans fol-
lowed by 72 whole-brain scans using single-shot gradient-
refocused echo-planar imaging (EPI) (TR = 3.587 s, TE = 50
ms, flip angle = 90°, slice thickness = 5 mm, 22 slices). Thus,
the duration of each epoch was 43 s.

Data Analysis

The fMRI data were analyzed using Statistical Parametric
Mapping software (SPM99; online at http://www fil.ion.
ac.uk/spm). The dummy scans were discarded. The remain-
ing scans were realigned and spatially normalized to the
standard stereotactic space using the EPI-template of the
Montreal Neurological Institute (MNI). The voxel size was 3
X 3 X 3 mm. Subsequently, the normalized data were
smoothed using a Gaussian kernel = 9 X 9 X 9 mm in order
to improve the signal-to-noise ratio. Hemodynamic fluctua-
tion was then estimated using an appropriate design matrix
with a boxcar function as reference waveform. The voxel-
by-voxel parameter estimation for the smoothed data was
carried out according to the general linear model. The re-
sulting set of voxel values constituted a map of f-statistic
values (SPM(t)-map). In order to take interindividual varia-
tion into account, a random effect model was applied [Fris-
ton et al., 1999] comparing the raw data of the subjects with
a one-sample {-test (P = 0.001). Furthermore, the statistical
values of the two subject groups were compared using the
two-sample f-test and a two-way ANOVA. The resulting
activations were corrected within boxes of 20 X 20 X 20mm
around voxels found to be active in a pilot study [Krings et
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Figure 1.
Overview on fMRI activations. Above left, musicians performing
the simple motor sequence; right, musicians performing the com-
plex movement sequence. The bottom pictures show activations
for nonmusicians during execution of simple (left) and complex
(right) movement sequences. For all conditions essentially the
same bilateral parieto-frontal network was found.

al., 2000]. The resulting SPM(t)-maps were transformed into
Talairach space [Talairach and Tournoux, 1988].

RESULTS
Behavioral Data

Analysis of the videotapes recorded during the fMRI ses-
sion revealed that all subjects performed the music piece
correctly and did not move their hands during the “off”
section of the epoch paradigm. Analysis of the videotapes
revealed that there were no significant differences regarding
speed or regularity between the tasks or the groups using
Student’s t-test. The nonmusicians on average played 67.4
+ 3.4 (SE) notes per epoch during the simple task and 64.9
+ 3.2 notes during the complex task. The musicians played
72.4 = 3 (simple task) and 69.8 = 3.6 notes (complex task).

fMRI Data

In the analysis of the fMRI data a predominantly fronto-
parietal cortical network was found to be active during
execution of both simple and complex motor tasks (Fig. 1).
This network included the primary sensorimotor cortex in
the left hemisphere and the premotor cortex bilaterally. In
the parietal cortex, secondary sensory areas in the left hemi-
sphere were activated. In addition, a bilateral activation of
the precuneus (Brodmann area (BA) 7) and the medial part

of BA 40 was observed. There was a small activated cluster
in the left occipital region (BA 37) (Tables 1 and 2). Further-
more, there was bilateral activation of cerebellar areas, with
a large cluster in the right hemisphere, and of the left thal-
amus.

Comparison of cortical activation in nonmusicians re-
vealed a significantly greater activation of the left dorsal
premotor area (PMd) and bilateral presupplementary motor
area (pre-SMA) during the complex motor task compared to
the simple motor task (Fig. 2). In the reverse contrast, no
significant activation was found. In musicians, there was no
differential activation for complex and simple motor tasks.

Statistical comparison between subject groups revealed a
significantly higher activation of the PMd and the supple-

TABLE I. fMRI activitations in non-musicians for the
simple and complex task, and comparison between

the tasks
Coordinates
Brodmanrn
Lobe area X y z t
Non-musicians, simple
L frontal 4 -36 —20 56 1545
6 —=30 -6 56 10.16
6 -27 0 55 9.57
6 -6 -9 47 11.28
R frontal 6 24 -6 61 9.91
L parietal 2 -33 =35 60 15.78
3 —33 -—-32 51 1434
19 Prec -24 =71 34 1175
7 Prec —-24 =56 50 12.76
7 SPL —30 —47 58 144
5IPL -33 —44 55 1249
40 IPL —-33 —42 38 4.72
R parietal 7 SPL 33 —47 49 7.6
7 Prec 21 —60 42 5.24
40 IPL 36 —42 44 5.99
Non-musicians, complex
L frontal 4 -39 -—18 53 1498
6 -27 -3 53 1176
6 -9 -3 53 8.71
32 0 8 47 9.21
R frontal 6 24 -3 64 6.74
L parietal 3 -36 —32 57 14.16
2 -33 -38 63 119
40 IPL -39 -38 54 1378
7 SPL =30 =50 58 23.1
7 Prec -9 —58 55 12.83
19 Prec -24 =71 34 5.11
R parietal 7 SPL 15 =58 61 10.16
7 Prec 12 =70 50 4.84
40 IPL 36 —41 49 6.39
Non-musicians, complex—
simple
L frontal 6 —27 8 52 5.28
6 -3 6 60 6.8
R frontal 6 3 6 60 6.6

Prec, precuneus; SPL, superior parietal lobe; IPL, inferior parietal
lobe.
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TABLE Il. fMRI activitations in musicians for the simple
and complex task

Coordinates
Lobe Brodmann area X y z t
Musicians, simple
L frontal 4 =36 —-23 59 996
6 —21 -6 61 1135
6 -6 -3 55 1126
R frontal 6 24 3 61 527
6 3 0 61 875
L parietal 2 -51 27 48 759
3 -30 -—33 49 1476
7 SPL —-24 52 58 81
7 Prec —-15 —-58 53 1048
40 -30 =35 57 19.63
5 —-21 —43 66 453
R parietal 40 39 —-51 51 9.43
7 SPL 21 —61 56 749
7 Prec 12 —-65 50 4.63
Limbic lobe 24 -9 2 41 4.64
Musicians, complex
L frontal 4 —36 -4 42 5.84
6 -18 -3 61 1215
R frontal 6 6 -3 58 72
6 27 —4 53 936
32 6 11 44 574
L parietal 2 -36 —26 40 7
3 -39 -26 54 687
5 —-30 —41 63 468
7 SPL —-25 53 47 653
40 IPL -39 —47 44 592
R parietal 40 IPL 39 —47 52 733
7 15 —49 61 5.04
R angular 39 36 —-57 33 6.68

The statistical comparison of simple and complex sequences did not
reveal any significant activation.

Prec, precuneus; SPL, superior parietal lobe; IPL, inferior parietal
lobe.

mentary motor area (SMA) of the left hemisphere in non-
musicians compared to musicians for both simple and com-
plex motor task (Fig. 3 and Table 3). The reverse contrast
(musicians vs. nonmusicians) did not reveal any significant
activations for either task.

An interesting observation was made regarding the exact
localization of the PMd activations of the two complex fMRI
contrasts above: The fMRI activity in PMd related to in-
creased task complexity in nonmusicians was located en-
tirely rostral to the VCA line. In contrast, the increased fMRI
activity in nonmusicians compared to musicians for both the
simple and the complex task was found entirely caudal to
the VCA line. The finding that the main factors task and
group led to differential activations in separate regions is
supported by the result that there was no significant task
X group interaction in the two-way ANOVA. This result
may correspond to changes of neuronal activation within
different parts of the lateral premotor cortex, the rostral

dorsal premotor cortex (PMdr), and the caudal premotor
cortex (PMdc). These two areas are assumed to represent
distinct parts of the cortical motor system [Rizzolatti et al.,
1998; Geyer et al., 2000] and recent fMRI studies have found
differential activation patterns within these regions [Simon
et al., 2002; Boussaoud, 2001].

DISCUSSION

In the present study the effect of task complexity and
motor skills were investigated in musicians and nonmusi-
cians. The results demonstrate an involvement of the dorsal
premotor area in experience-related changes of the motor
system; the activation of this area is also related to increasing
complexity of motor tasks in subjects lacking long-term mo-
tor training. However, we noted a functional distinction
within the PMdr: whereas the rostral part of the PMd was
related to task complexity, the caudal part of this area was
related to long-term motor practice. On the medial wall, an
effect of long-term practice was found in the SMA proper,
whereas the activation of the pre-SMA was related to task
complexity.

Motor Areas Related to Task Complexity

Having shown fMRI activation increases that were related
both to task complexity and motor practice, the PMd ap-
pears to play a key role in the organization of movement
sequences. Furthermore, the present results suggest a func-
tional segregation within PMd which is supported by re-
search in monkeys on the organization of the motor system
and by recent fMRI findings [Fujii et al., 2000; Boussaoud et
al., 2001; Simon et al., 2002].

In the present study the complex task and the simple task
differed in ordinal properties: for every sequence there was
a different finger omitted within the sequence of tapping the
keyboard with the right hand. Thus, the difference in com-
plexity between the two motor tasks is mainly related to
attentional and motor planning demands, which is in line
with the characteristics of the regions engaged more
strongly in the complex task in nonmusicians. In musicians,
no differential fMRI activity was found when comparing
performance of complex and simple sequences. This possi-
bly reflects the reorganization of the motor system in this
group, allowing a higher level of complexity in movement
planning without recruiting of additional neuronal re-
sources. This is supported by behavioral data which indicate
that long-term musical practice leads to increased anticipa-
tory behavior and a greater range of motor planning [Drake
and Palmer, 2000].

Whereas in musicians no differential fMRI activation was
noted for the simple and the complex motor task, in non-
musicians the activation of the rostral part of the PMdr was
related to task complexity. In primates, the rostrocaudal
gradient within PMd is well characterized: PMdr is mainly
connected to area MIP integrating somatosensory and visual
stimuli [Wise et al., 1997] without clear somatotopy. There
are recent studies indicating that there is a similar gradient
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Figure 2.
The two regions that showed increased fMRI activation in non-
musicians for performance of the complex vs. the simple move-
ment sequence. On the lateral convexity, the rostral part of the
dorsal premotor cortex, on the medial wall, the pre-SMA are
related to movement complexity. The same contrast in musicians
showed no differential activation.

within PMd in the human brain, as well. The rostral part of
PMd seems to be involved in coordination of oculomotor
and limb motor behavior [Fujii et al., 2000] and mediate a
multisensory representation of limb position [Lloyd et al.,

2003]. It has been suggested that in humans PMdr is related
to movement coding through a set of extrinsic kinematic
attributes [Rijntjes et al., 1999]. In contrast to the caudal part
of PMd, PMDr is connected to prefrontal cortex, mediating
orientation of attention and maintaining of visuospatial in-
formation for action [Simon et al., 2002; Boussaoud, 2001].

The second region related to task complexity was the part
of the medial BA 6 rostral to the VCA line which denotes the
border of the supplementary motor area. This area, F6 in
macaque monkey and pre-SMA in humans, is assumed to
play a key role in integration of external stimuli during
motor planning [Akkal et al., 2002; Shima et al., 1996]. It was
shown that activity in pre-SMA precedes SMA and M1
activity [Ball et al., 1999] and is related to motor preparation
but not to motor execution [Lee et al., 1999]. In the present
study the activity of pre-SMA may reflect the different levels
of complexity of the numerical order among sequence com-
ponents [Clower and Alexander, 1998].

Interpretation of our data in the context of a recently
proposed model of motor control [Sakai et al., 1998, 1999,
2000] assigns the increased attentional and abstract motor
planning level of the complex motor sequences to the PMdr
region, whereas the pre-SMA activation reflects the in-
creased demands of visuomotor association.

Motor Areas Related to Long-Term Practice

In contrast to the areas related to task complexity, the two
regions engaged more strongly in nonmusicians than in
musicians were found more caudally. The caudal part of the
dorsal premotor cortex (PMdc) on the lateral convexity, and
the supplementary motor area (SMA proper) on the medial

Figure 3.

Areas with stronger activation for simple (left) and complex (right)
movement sequences in nonmusicians compared to musicians.
Note that these areas (caudal part of PMd and SMA) are located
posterior to the regions related to task complexity in nonmusi-
cians (y = =3 in this figure vs. y = 6 in Fig. 2). This suggests that

changes of cortical motor representations due to long-term prac-
tice mainly occur within caudal motor areas directly related to
execution. A possible greater anticipatory behavior and a higher
level of abstract motor planning in musicians was not mirrored by
changes in fMRI activity in our study.
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TABLE Ill. fMRI activations for the two-sample t-test between musicians and non-musicians for both tasks

Coordinates
Lobe Brodmann area X y z t
Non-musicians vs. musicians, simple
L frontal 6 -33 0 58 4.33
6 -3 -3 55 4.72
Non-musicians vs. musicians, complex
L frontal 6 =30 0 55 4.44
6 —6 -3 55 4.43

Note that the activated areas are essentially the same, independent of task complexity.

wall were related to long-term motor practice. The activation
in these areas showed no difference regarding task complex-
ity. This is in line with previous findings [Sadato et al., 1996]
suggesting that the main difference in complexity between
the tasks consisted in different levels of attention, planning,
and visuomotor association with a constant level of activity
in more caudal areas mediating motor execution.

The increased fMRI activity of the supplementary motor
area in nonmusicians compared to musicians is in line with
previous results on motor learning [Hund-Georgiadis and
von Cramon, 1999]. This region is organized somatotopi-
cally [Indovina and Sanes, 2001; Mayer et al., 2001] and is
mainly involved in execution of movements [Lee et al.,
1999], but also plays a role in motor planning [Tanji, 1996].
Its activation during performance of movement sequences
reflects mainly processing of ordinal properties [Schubotz
and von Cramon, 2001; Ullen et al., 2003], which corre-
sponds to the demands of the task used in the present study.

In addition to SMA, the caudal part of PMd was related to
long-term practice both during execution of the simple and
the complex motor task. Like SMA, this area is densely
connected with M1 [Geyer et al., 2000]. In monkeys, the
distinct connections of PMdr and PMdc are well character-
ized [Wise et al., 1997]: whereas the rostral part of PMd is
much more strongly connected to the frontal cortex than the
caudal portion of PMd, the latter, in contrast to the former,
projects directly to the spinal cord. Input to PMdc is mainly
somatosensory, whereas PMdr also receives visual informa-
tion from the parieto-occipital visual area. Our results, in
line with recent findings from other studies [Boussaoud,
2001; Simon et al., 2002], support the concept of an analo-
gous functional segregation within PMd in humans, with
the more rostral part attributed mainly to attention and the
more caudal PMdc related to coding of limb movement
parameters. Both SMA and PMdc are adjacent to M1. To-
gether with M1, these areas directly contribute to motor
execution. A study investigating changes in motor system
activity during visuomotor adaptation in monkeys [Wise et
al., 1998] noted that changes in neuronal activity in PMdc
and M1 concurred.

The results of the present study suggest that changes in
the motor system due to long-term practice mainly involve
caudal motor regions directly related to execution. M1 did
not show effects related to long-term practice which is likely

to be caused by the different performance speed for both
tasks in the two subject groups. In a pilot study from our
group [Krings et al., 2000], M1 was recruited to a lesser
extent in musicians as well. Since fMRI activity in M1 in-
creases roughly linearly with tapping frequency [Kastrup et
al., 2002], we speculate that the higher performance speed of
the musicians lead to equal levels of neuronal activity in M1
like in nonmusicians, though neuronal motor representation
in M1 is more effective in pianists as well. The decreased
fMRI activity within the motor systems in musicians appears
to be the result of a slowly evolving reorganization of the
motor system due to practice. There are different mecha-
nisms of motor learning [Ungerleider et al., 2002], compris-
ing rapid changes [Classen et al., 1998] followed by a reor-
ganization over the course of weeks [Karni et al., 1995].
These mechanisms lead to a larger representation of the
cortical motor hand area; in contrast, the results of the
present study in concurrence with previous findings [Krings
et al., 2000; Jaencke et al., 2000] indicate that long-term
practice induces a smaller area of fMRI activation for a given
task within motor areas directly related to execution. Similar
mechanisms were found for conditional motor learning
[Deiber et al., 1997]. A recent study in monkeys examined
SMA neurons during learning of a visuomotor task and
found short-term modulations of activity possibly due to
priming and more slowly evolving changes in firing pattern
due to practice [Lee and Quessy, 2003]. It seems that both
mechanisms lead to changes on the synaptic level. Possibly
there is a mutual dependence between the anatomical ex-
tension of a given motor representation and the utilization of
networks subserved by the anatomical structures. The re-
sults obtained in musicians suggest that decreased network
utilization in professional piano players is associated with
extended motor representation [Amunts et al., 1997]. This is
supported by a recent morphometric study which found
that the gray matter volume in premotor areas among am-
ateur and professional musicians and nonmusicians corre-
lates positively with musician status [Gaser and Schlaug,
2003].

One potential bias of this study is the fact that the gender
ratio between the groups is different. A morphometric study
[Amunts et al., 2000] investigated asymmetries within the
motor cortex related to handedness and gender reporting
stronger asymmetries in men than in women. However, in
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this study only the depth of the central sulcus was studied.
It is unknown if there are gender-specific differences within
the premotor region.

In conclusion, we have shown that in execution of move-
ment sequences, task complexity is related to more rostral
areas of the premotor cortex, whereas effects of long-term
practice tend to occur within the caudal part of the motor
system. This possibly reflects the properties of the underly-
ing mechanisms of cortical reorganization due to motor skill
learning which are mainly related to motor execution,
whereas attention and abstract planning possibly do not
exhibit the same potential of long-term reorganization.
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