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Sequence learning in pianists and nonpianists:
An fMRI study of motor expertise

SUSAN M. LANDAU and MARK D’ESPOSITO
University of California, Berkeley, California

Previous studies of motor learning have proposed a distinction between fast and slow learning, but
these mechanisms have rarely been examined simultaneously. We examined the influence of long-
term motor expertise (slow learning) while pianists and nonpianists performed alternating epochs of
sequenced and random keypresses in response to visual cues (fast learning) during functional neuro-
imaging. All of the participants demonstrated learning of the sequence as demonstrated by decreasing
reaction times (RTs) on sequence trials relative to random trials throughout the session. Pianists also
demonstrated faster RTs and superior sequence acquisition in comparison with nonpianists. Within-
session decreases in bilateral sensorimotor and parietal activation were observed for both groups.
Additionally, there was more extensive activation throughout the session for pianists in comparison
with nonpianists across a network of primarily right-lateralized prefrontal, sensorimotor, and parietal
regions. These findings provide evidence that different neural systems subserve slow and fast phases

of learning.

The brain has a remarkable ability to adapt flexibly to
new demands. Functional plasticity in sensory and motor
regions occurs in response to short-term training, on the
order of minutes or hours, or in response to long-term
training, over the course of weeks or years (Karni et al.,
1995; Merzenich et al., 1983; Sanes & Donoghue, 2000).
There is evidence that the time course of training has a
critical influence on behavioral and neural aspects of
learning (Korman, Raz, Flash, & Karni, 2003; Tracy et al.,
2001; Ungerleider, Doyon, & Karni, 2002). In particular,
“fast” and “slow” phases of skill learning have been asso-
ciated with distinct psychophysical and neural character-
istics. Fast changes often occur with rapid improvements
in performance and may be accompanied by automati-
zation and habituation-like decreases in activity (Karni
et al., 1998), perhaps due to changes in synaptic strength
(Kolb & Whishaw, 1998). Slow changes, on the other hand,
occur with more gradual performance improvements and
are associated with reorganization of functional topog-
raphy (Kleim et al., 2004), enlargement of the cortical
map (Pascual-Leone, 2001), and morphological changes
to brain structure (Miinte, Altenmiiller, & Jancke, 2002).
Thus, although these two types of learning are associated
with different neural events, it is likely that both result in
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improved neural efficiency. Previous neuroimaging stud-
ies tracing the time course of practice-related changes
across a number of different types of tasks (Karni et al.,
1998; Kelly & Garavan, 2005) suggest that fast learning,
linked to repetitive task performance, is associated with
decreases in activity within a fixed network of regions
(Floyer-Lea & Matthews, 2004), whereas slow learning,
linked to strategy development, is associated with recruit-
ment of additional regions as the skill is learned (Olesen,
Westerberg, & Klingberg, 2004).

Studies of musicians are especially well suited to ad-
dress questions about slow learning, in particular, since
musical expertise engages a network of primary and
multimodal regions that may be differently influenced
by mechanisms of plasticity. In primary and secondary
motor regions, reduced activation has been reported for
pianists in comparison with nonpianists during self-paced
finger tapping (Jdncke, Shah, & Peters, 2000) or exter-
nally paced tapping (Haslinger et al., 2004) and during
performance of motor sequences learned prior to scanning
that are 5 items (Hund-Georgiadis & von Cramon, 1999;
Meister et al., 2005) or 12 items in length (Krings et al.,
2000). Reduced activation for pianists relative to nonpia-
nists was attributed to pianists’ greater efficiency of move-
ments within their expanded motor networks.

The interpretation of these data with respect to musical
expertise is limited, however, by small sample sizes and
the use of tasks that place minimal demands on sequence-
learning processes. The functional networks activated dur-
ing the performance of these tasks may be different from
those that have been modified through the development
of piano expertise. We hypothesize that reduced activa-
tion observed for pianists relative to controls may have
been due to the use of tasks that may not have utilized the
capacity of the optimized motor system.
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Pianists are often described as a model population in
which to study the acquisition, control, and execution of
abstract motor sequences (Palmer, 1997; Parsons, Sergent,
Hodges, & Fox, 2005; Peretz & Zatorre, 2005; Sergent,
Zuck, Terriah, & MacDonald, 1992). Models of hierarchi-
cal motor sequence acquisition (Lashley, 1951; Rhodes,
Bullock, Verwey, Averbeck, & Page, 2004) have proposed
that units in a sequence may be combined (chunked) in
order to facilitate learning, a skill that is critical for pia-
nists. With increased working memory (WM) demand, a
hypothesized function of the prefrontal cortex is to medi-
ate strategic functions such as chunking multiple units for
verbal (Savage et al., 2001) and for spatial (Bor, Duncan,
Wiseman, & Owen, 2003; Sakai et al., 1998) information.

Consistent with this, motor learning studies suggest
that complex sequence-learning tasks recruit multimodal
regions (Catalan, Honda, Weeks, Cohen, & Hallett, 1998)
in addition to primary motor regions. Thus, brain regions
known to be involved in integrative association are likely
critically involved in long-term functional plasticity but
have been examined in only a few studies (Bangert et al.,
2006; Stewart et al., 2003). Stewart et al. reported in-
creases in activation of bilateral superior parietal regions
after 15 weeks of piano training that included learning
musical notation. That study reported bilateral superior
parietal cortex activity during music reading and play-
ing for participants who had received training, which was
attributed to the acquisition of a code for translation of
spatiomotor information. This expansion of activation in
superior parietal regions is consistent with other studies
(of nonmusicians) during visuospatial skill learning over
a period of days or weeks (Olesen et al., 2004; Poldrack &
Gabrieli, 2001). The brain’s capacity for functional plas-
ticity in these regions may, however, expand further over a
long period of time. Bangert et al. (2006) found increased
activation across a number of multimodal regions for pia-
nists in comparison with nonpianists during arbitrary key-
presses. This is initial evidence that a long-term training
period of years recruits a network of task-specific associa-
tive regions and results in expansions of this network, per-
haps via cortical reorganization (Gaser & Schlaug, 2003;
Pascual-Leone, 2001).

In this experiment, we compared pianists and non-
pianist controls during functional neuroimaging while
they performed a motor sequence learning task in order
to examine (1) the regional specificity and (2) the time
course of functional plasticity. The motor sequence learn-
ing task was designed to engage a number of processes
that pianists engage during music performance—namely,
learning complex sequential relationships between spatial
positions, bimanual motor coordination, and fine motor
precision (Miinte et al., 2002). Our within-subjects fac-
tor (practice effects across the session) was designed to
identify activation related to short-term fast learning over
the course of the scanning session, whereas our between-
subjects factor (pianists vs. nonpianists) was designed to
identify activation differences related to the slow develop-
ment of expertise.
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We addressed limitations of previous studies of motor
learning in several ways. First, in order to make the
sequence-learning task sufficiently challenging for pia-
nists but still possible to perform for both subject groups,
we used a version of the serial reaction time task (SRT;
Nissen & Bullemer, 1987) containing a probabilistic finite
state grammar (Berns, Cohen, & Mintun, 1997; Reber,
1967). The performance of this task differs from piano
playing in a number of ways, such as in its lack of tempo-
ral variability and auditory feedback, and the probabilistic
structure of keypresses. Our task was, however, designed
to engage processes related to learning of sequential rela-
tionships. During music performance, any given note on
the piano may be followed by many different combina-
tions of notes, and a pianist must learn to flexibly switch
between these different sequential associations (Palmer,
1997). As a pianist becomes familiar with more extensive
repertoire, he or she learns to associate certain sequences
of notes with greater frequency than others, thus acquiring
knowledge about probabilistic relationships between dif-
ferent spatial positions. Second, responses were externally
cued rather than self-paced, in order to control for over-
all motor stimulation between groups. Third, pianists and
nonpianists had to attend to the stimuli equally, since the
sequence was probabilistic and therefore never entirely
predictable even after substantial learning. The use of a
probabilistic, rather than a deterministic, sequence also
meant that the task could not be automatized. Finally, in
order to reduce possible differences in effort and strat-
egy use between pianists and nonpianists, the participants
were not told ahead of time about the presence of regulari-
ties in the stimuli.

With respect to regional specificity, we predicted that
experts with years of motor training would recruit a dif-
ferent functional network during sequence learning than
would novices, and that this network would include as-
sociative regions as well as the motor regions that are
typically engaged by sequence learning (Grafton, Hazel-
tine, & Ivry, 1995). With respect to the time course of
functional plasticity, we predicted that practice would
influence functional activation such that within-session
practice effects would be characterized by habituation-
like decreases within a primarily motor network, whereas
between-subjects (pianist vs. nonpianist) effects would
reflect increases in functional activation in associative
regions for pianists, resulting from the underlying corti-
cal reorganization. Because fast (within-session) and slow
(between-subjects) learning are likely associated with dif-
ferent underlying mechanisms of plasticity, their activa-
tion profiles should be distinct, reflecting different forms
of neural efficiency.

METHOD

Participants

Nine right-handed, experienced pianists (mean age = 21.8) and 8
nonpianists (mean age = 20.6) were recruited from the population
of undergraduate students at the University of California at Berke-
ley. Pianists selected as participants were recruited through the UC



248 LANDAU AND D’ESPOSITO

Berkeley music department on the basis of the following criteria:
(1) piano experience of at least 8 years, and (2) currently playing
the piano for a minimum of 3 h per week. Pianists had an average of
10.7 years of piano experience and played for an average of 7.7 h per
week. Nonpianists had no experience with the piano or other musical
instruments. All of the participants gave written, informed consent
prior to participation in the study. The participants were screened for
medical, neurological, and psychiatric illnesses, and for substance
abuse and use of prescription medications.

Behavioral Task

The participants performed a modified version of the SRT task
(Nissen & Bullemer, 1987) during functional neuroimaging. Prior to
scanning, the participants were not told about any sequences in the
stimuli, and they did not practice the task in order to maximize the
detection of fast-learning-related activation during the scanning ses-
sion. During scanning, the participants were instructed to respond
as quickly and accurately as possible, making bimanual keypresses
in response to Xs presented in eight possible locations on the screen
that mapped spatially onto response boxes (see Figure 1). The par-
ticipants used all of their fingers except their thumbs (four fingers
on each hand) to make keypresses. The stimuli appeared every
900 msec in blocks of 18 sec (20 stimuli per block).

There were two types of trials: probabilistic sequence trials (S)
and random stimuli (R). The two trial types were presented con-
tinuously so that the participants could not detect transitions be-
tween trial types. The fMRI scanning session consisted of five fMRI
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Figure 1. A schematic depiction of the task is shown. There were
eight positions on the screen where an X could appear; each posi-
tion corresponded to a separate key on the response keyboards.
An X appeared in one of the eight positions one at a time, and
participants responded by pressing the appropriate key. Stimuli
were presented for 900 msec and appeared in blocks of 20 fol-
lowed by 10 sec of fixation.

runs for each participant, each lasting about 5 min. Each scanning
run consisted of two blocks of 20 random trials and eight blocks
of 20 sequence trials that were presented in the following order:
RSSSSSSSSR. Each R or S block of 20 trials was followed by 10 sec
of fixation, during which the participants fixed their gaze on a cross
in the center of the screen. Thus, each scanning run had a total of 40
random trials and 160 sequence trials. Previous fMRI studies with
SRT tasks have frequently used fewer random blocks than sequence
blocks in order to maximize the amount of sequence learning, to par-
allel behavioral SRT studies, and to minimize overall scanning time
(Rauch et al., 1997; Werheid, Ziessler, Nattkemper, & von Cramon,
2003; Willingham, Salidis, & Gabrieli, 2002).

During sequence trials, the spatial position of cues on the screen
was determined by a finite state grammar (Berns et al., 1997; Cleere-
mans & McClelland, 1991; Reber, 1967). The grammar was based
on probabilistic contingencies between stimuli so that, for each of
eight spatial positions on the screen, each stimulus position (x) was
paired with a fixed subsequent spatial position (x + 1) 80% of the
time. The remaining 20% of the time, the current stimulus x was fol-
lowed by one of two other different spatial positions, each occurring
10% of the time. Thus, each spatial position (x) could be followed
by one of three different possible subsequent positions. The pairings
between each stimulus and the three possible subsequent stimuli
were generated randomly and then fixed for all sequence trials over
the course of the session.

Following the scanning session, the participants were questioned
about their awareness of sequences in the stimuli. They were asked
(1) whether they detected any patterns in the stimuli that were pre-
sented and, if so, (2) whether they could reproduce any of the pat-
terns either verbally or manually.

fMRI Technique

Functional and structural images were acquired with a Varian
INOVA 4.0T scanner (www.varianinc.com) and a TEM send-and-
receive RF head coil. Head movement was restricted using a foam
cushion adjusted for each participant, and the participants wore ear-
plugs to passively attenuate scanner noise. Each participant viewed
a backlit projection screen at his or her waist from within the magnet
bore through a mirror mounted on the head coil. The participants
responded to stimuli presented on the screen by making keypresses
on two nonmagnetic bimanual response keyboards (each containing
five keys, corresponding to the right and left hands) designed for use
in the scanner (see Figure 1).

Functional images were acquired using a two-shot gradient echo
EPI sequence (TR = 2.18 sec, TE = .028 sec, matrix size = 64 X
64, FOV = 22.4 cm) to acquire data sensitive to the blood oxygen
level dependent (BOLD) signal. Eighteen axial slices of 3.5-mm
voxels (with 1.0-mm interslice gap) were acquired. Each slice was
acquired with a 22.4 cm? field of view with a 64 X 64 matrix size
resulting in an in-plane resolution of 3.5 X 3.5 mm. This slice
prescription allowed for whole-brain coverage. Twenty seconds of
dummy gradient and RF pulses preceded each scanning run to ap-
proach steady-state tissue magnetization. Two high-resolution struc-
tural T1-weighted scans were also acquired for anatomical localiza-
tion. The first collected 18 axial slices in the same plane as the EPI
images (TR = .200 sec, TE = .050 sec, matrix size = 256 X 256,
FOV = 22.4 cm). The second was a 3-D MP-FLASH scan (TR =
.090 sec, TE = .048 msec, T1 = 300 msec).

Data Preparation

Offline data processing was performed using the VoxBo analy-
sis package (www.voxbo.org). Initial data preparation proceeded
in the following steps: image reconstruction, sinc interpolation in
time (to correct for the fMRI slice-acquisition sequence), motion
correction (six-parameter, rigid-body, least-squares alignment), and
slicewise motion compensation (to remove spatially coherent signal
changes via the application of a partial correlation method to each
slice in time; Aguirre, Zarahn, & D’Esposito, 1998; Zarahn, Aguirre,
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& D’Esposito, 1997). Images were then smoothed with a 7-mm
FWHM kernel and masked using a whole-brain mask to remove ex-
traneous signal caused by ghosting.

Statistical Analysis

Since fMRI data are temporally autocorrelated under the null hy-
pothesis (Zarahn et al., 1997), statistical analyses were conducted
within the framework of the modified general linear model (GLM)
for serially correlated error terms (Worsley & Friston, 1995). A
time-domain representation of the expected 1/f power structure
(Zarahn et al., 1997) and a notch filter that removed frequencies
above 0.25 Hz and below 0.01 Hz (i.e., the portions of highest power
in the noise spectrum) were placed in the convolution matrix (Wors-
ley & Friston, 1995).

A blocked design was used. The GLM describes fMRI signal
change as a series of amplitude-scaled and time-shifted covari-
ates or regressors. Within that model, each type of block (random,
sequence) was convolved by a canonical hemodynamic response
function. Fixation blocks served as a baseline. A different set of co-
variates was used to model random and sequence blocks separately
for each run in the scanning session in order to examine incremental
changes in signal. Two trial types with five runs of each gave a total
of 10 covariates of interest. An additional nuisance covariate was
included to model an intercept.

Random Effects Analyses

Each participant’s brain was normalized to the Montreal Neuro-
logical Institute (MNI) reference brain using SPM99. Spatial nor-
malization was performed as a two-step procedure: First, a structural
image acquired to overlay the EPI images was coregistered to the
high-resolution MP-FLASH anatomical structural image. Then this
structural image was spatially normalized. The two resulting trans-
formations were combined into a single transformation and used
to spatially normalize the EPI images directly. Normalized whole-
brain maps for the specific conditions of interest were calculated
for each participant. Primary analyses (identification of ROIs for
corresponding ANOVAs) were conducted at a statistical threshold
of p < .01, cluster-corrected for multiple comparisons (Cao, 1999;
Worsley et al., 1996). Secondary analyses were conducted at p <
.05, cluster-corrected. For the early versus late comparison, we used
a more liberal threshold of p < .001, uncorrected, in order to il-
lustrate changes in the extent of activation from early to late (when
cluster sizes may have been reduced late in practice). One-tailed
t tests were conducted for contrasts comparing activation with fixa-
tion baseline, and two-tailed ¢ tests were conducted for sequence
versus random contrasts or pianist versus nonpianist contrasts.

Primary Analyses

A. All-participants mapwise analysis. We identified regions
that were active during each task condition (random and sequence)
across all participants (N = 17). The union of these maps (all random-
related activation and all sequence-related activation) was used to
construct the group-level functionally defined regions of interest
(ROIs; see below) and to plot changes in signal across runs.

B. Functionally defined ROI analysis. Functionally defined
ROIs were defined on the basis of the activations we observed in
our mapwise analysis of all task-active regions (Item A, above). We
constructed a map of task-active regions for all of the participants
(N = 17) to use as the basis of our functionally defined ROIs for
subsequent analyses of dynamic changes in these regions.

Using these ROIs, we extracted mean parameter estimates from
each participant’s normalized functional data. Functional activity
from our mapwise analysis was subdivided within anatomical re-
gions on the basis of findings of previous experiments of motor se-
quence learning (Catalan et al., 1998; Grafton et al., 1995; Honda
et al., 1998; Miiller, Kleinhans, Pierce, Kemmotsu, & Courchesne,
2002; Rauch et al., 1997; Willingham et al., 2002): bilateral primary
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motor cortex (M1), dorsolateral premotor cortex ({PMC), ventrolat-
eral premotor cortex (VPMC), caudate and putamen, primary motor
cortex, supplementary motor area (SMA), pre-SMA, superior pari-
etal lobule, and inferior parietal lobule. In addition to activations in
these regions, we also found activations in the bilateral inferior fron-
tal gyrus and the thalamus, as well as the right superior and inferior
temporal gyrus, which we included in our analyses.

ROIs were constructed containing the local maximum and the
suprathreshold voxels within the anatomical regions named above.
We extracted mean parameter estimates from each ROI for each trial
type (random, sequence) and for each scanning run (10 total) for
each participant’s normalized activation maps. Parameter estimates
were averaged across participant groups to give an estimate of per-
centage of signal change for each group on each of the five scanning
runs and each trial type, for every ROL.

We used these parameter estimates to evaluate practice and group
effects. For each ROI, we conducted an ANOVA at p < .05 with
one between-subjects factor, group (pianists, nonpianists), and two
within-subjects factors, trial type (sequence, random) and run (1-5).
Based on our hypotheses, we were interested in regions showing a
main effect of group, a main effect of trial type, a linear effect of run
(significant linear increase or decrease from Run 1 to 5), or interac-
tions between these factors.

Secondary Analyses

A. Sequence versus random contrast. We were interested in
identifying other regions that were active for sequence or random
keypresses, but may have been below statistical significance when
both groups were averaged together. To identify these regions, we
conducted a sequence versus random contrast for each group.

B. Early and late mapwise analysis. To identify differences
between groups in the extent of activation early and late, we identi-
fied activation in each group associated with sequence early [1st
run], sequence late [Sth run], random early [1st run], and random
late [Sth run].

C. Group contrast. A two-tailed between-groups # test was per-
formed in order to identify regions of activation that differed be-
tween groups for random and sequence conditions. Each cluster of
activation included a peak, which was the local maxima identified
by the ¢ test and contiguous voxels that reached an uncorrected p <
.005 threshold.

RESULTS

Behavioral Data

Table 1 shows the mean RTs in each group for random
and sequence trials, mean error rate across all trials, RT
benefit on Run 1, and the percentage of decrease in RT for
sequence trials from Run 1 (early) to Run 5 (late).

Pianists had a greater sequence-learning RT benefit
than nonpianists on the first run, on the basis of the RT dif-
ference between sequence and random trials [F(1,15) =
0.046, p < .045]. Error rate did not differ between groups.
The percentage of decrease for RT of sequence trials from
early to late also did not differ between groups.

Figure 2 shows the mean RTs of each scanning run for
both random and sequence trials. A repeated measures
ANOVA with between-subjects factor group and within-
subjects factors trial type (random, sequence) and run
(1-5) was conducted at p < .05. There was a significant
effect of group, with pianists faster overall than nonpianists
[F(1,1) = 9.60, p < .01]. Across all participants, there was
a main effect of trial type, such that sequence trials were
faster than random trials [F(1,1) = 215.62, p < .001], and
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Table 1
Mean Reaction Times (RTs, in Milliseconds) and Error Rate Measures
With Standard Deviations for Each Group

Percent
RT Benefit Decrease in
for Sequence Sequence RT
Random Sequence Trials: Run 1 Percent Error From Run 1
Trials Trials Only Rate toRun 5
Group RT SD RT SD RITB SD PE SD PD SD
Nonpianists
(n=29) 559 27 478 20 4149 36.02 14.64 942 12,15 7.00
Pianists
n=9 505 42 423 53 7553 21.73 9.94 6.65 1035 746

Note—RT benefit (mean random RT minus mean sequence RT) for the first scanning run only
is shown. Mean RTs of all runs for each group are also shown in Figure 2. The difference be-
tween pianists and nonpianists was significant for both random and sequence trials. The group
difference in RT benefit on Run 1 was also significant. There was no group difference in error
rate or percent decrease on sequence trials. RTB, reaction time benefit; PE, percent error; PD,

percent decrease.

a significant linear effect of run, with RTs decreasing from
Runs 1 to 5 [F(1,1) = 26.79, p < .001]. The effect of de-
creasing RTs across runs interacted with trial type [F(1,1) =
32.94, p < .001] so that sequence trials decreased dispro-
portionately in comparison with random trials.

During the postscanning interview, the participants
were asked (1) whether they were aware of any sequen-
tial regularities during any part of the session, and, if so,
(2) whether they could reproduce (manually or verbally)
any parts of the sequence. All 17 participants (pianists and
nonpianists) reported that they had at least minimal aware-
ness of sequential regularities in the stimuli (i.e., they
said that they knew they were not completely random).
When prompted to reproduce any parts of the sequence, 4
participants named stimulus positions they noticed were
often paired (e.g., “the second and fourth fingers on my
right hand alternated sometimes”). The remaining 13 par-
ticipants could not reproduce any parts of the sequence
and reported that they hadn’t been paying attention and/or
hadn’t been making an effort to learn the sequence. No
participants reported knowledge of the presence of alter-
nating blocks of sequenced and random stimuli, or of the
probabilistic nature of the grammar.

A. Nonpianists
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Fast Learning: Within-Session Changes
in Activation

We identified task-active regions by combining voxel-
wise maps of the main effect of random trials and the main
effect of sequence trials. The task-active regions are listed
in Table 2 and shown in Figure 3, and included a net-
work of bilateral inferior frontal, premotor, sensorimotor,
and parietal regions, as well as bilateral basal ganglia,
thalamus, and right temporal regions. We subsequently
probed these regions for effects of trial type (random,
sequence) and linear changes across runs by conducting
planned ANOVAs on mean parameter estimates. No re-
gions showed linear increases across runs. Table 2 lists
each region according to whether it showed a significant
linear decrease across runs, and whether it showed ad-
ditional main effects or interactions of trial type (random,
sequence) and/or group (pianists, nonpianists).

Several key findings are apparent from this analysis.
First, the majority of ROIs showed linear decreases across
runs. A second striking finding is that all subdivisions of
the precentral gyrus (BA 6), including dorsal and ventral
premotor cortex, pre-SMA, and SMA, showed signifi-
cantly greater activation for sequence than for random tri-

B. Experienced Pianists
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Figure 2. Changes in RT across all five runs are shown separately for random trials and
sequence trials and for (A) nonpianists and (B) experienced pianists.
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Figure 3. Axial slices and whole-brain images showing mapwise activation averaged across all partici-
pants (V= 17) for both trial types (random, sequence). Regions shown here were probed further for
changes in signal across Runs 1-5, effects of trial type (random, sequence), and group differences.

als (main effect of trial type or trial type X run interaction)
in addition to linear decreases across runs. No regions
showed significantly greater activation during random
than during sequence trials.

Slow Learning: Between-Groups Differences

Also shown in Table 2 are the effects of group—that is,
regions in which the magnitude of activation was greater
for pianists or nonpianists. Group effects were predomi-
nantly observed in parietal regions: Regions in the bilateral
inferior parietal cortex and in the right superior parietal
cortex showed greater activation for pianists than for non-
pianists. Additional right-lateralized regions (right caudate
and right primary motor cortex) also showed greater activ-
ity for pianists. None of the task-active regions showed
greater activity for nonpianists than for pianists.

All regions that showed a group effect (pianists > non-
pianists) also had disproportionately more activity for
sequence than for random trials, and decreased activity
across runs. The right primary motor cortex was an excep-
tion, in that it did not decrease across runs.

In order to identify regions that were selectively active
during sequence or random trials but also differed between
groups and therefore were not present in the mapwise
analysis, we conducted a sequence versus random contrast,
separately for each group. (The mapwise analysis, in con-
trast, reflected data collapsed across all of the participants.)
This contrast revealed regions that were also identified in
the mapwise analysis, as well as some new regions (see Fig-
ure 4). Significant sequence-specific and random-specific
regions are listed in Table 3 for each group. Nonpianists
activated a number of random-specific regions in parietal,
motor, and visual areas, including the bilateral precuneus
(BA 7), left postcentral gyrus/primary motor cortex, bi-
lateral anterior cingulate, a bilateral extrastriate region
(BA 18), and a right primary motor/inferior parietal region.
Nonpianists activated sequence-specific regions in the left
extrastriate cortex (BA 19) and the left hippocampus.

For pianists, there were no significant regions of random-
specific activation. Sequence-specific activity was located
in the left middle frontal gyrus (BA 8/9), the left inferior pa-
rietal lobule, and the right precentral gyrus/primary motor
cortex.

We were also interested in identifying group differ-
ences in fast learning effects—that is, activation patterns
that changed from early to late in the scanning session. To
do this, we examined early and late regions of activation
separately for each group and each trial type (Figure 5).
This analysis was also designed to identify regions that
were active only early or only late and therefore may not
have been present in the all-participants mapwise analysis
(which was averaged across all participants and all scans
in the session).

As shown in Figure 5, both pianists and nonpianists
showed predominantly reductions, and not expansions, in
activation from early to late across a network of sensori-
motor and associative regions for both random and se-

Sequence vs. Random: All Runs

Nonpianists

L Pianists R

Random > Sequence
t=-13

Sequence > Random

- -

Figure 4. The sequence versus random contrast is shown for
both groups. Activation for each trial type is averaged across the
scanning session. Sequence-specific regions appear in red/yellow,
and random-specific regions appear in blue/light blue. Regions
are listed in Table 3.
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Table 3
Local Maxima of Significant Regions for the Contrast Sequence Versus Random (Shown in
Figure 4), Conducted Separately for Nonpianist and Pianist Groups

Talairach Coord. No. P
Brain Region R/L x y z BA Voxels ~ Value
Nonpianists

Random > Sequence
Postcentral gyrus L —28 —40 66 4 27 7.34
Precuneus L -2 =60 58 7 89 8.62
Anterior cingulate cortex L —4 6 42 24/32 36 8.34
Cuneus/calcarine sulcus R/L -4 -84 18 18 437 12.67
Inferior parietal lobule/postcentral gyrus R 46  —22 40 3/4 169 11.59
Anterior cingulate cortex R 4 6 44 32 22 7.43
Precuneus R 2 —60 58 7 101 9.62

Sequence > Random
Middle occipital gyrus L —44 =76 28 19 25 7.55
Hippocampus L —-34 =36 —4 33 9.85

Pianists

Sequence > Random
Middle frontal gyrus L —56 8 54 8/9 53 7.77
Inferior parietal lobule L —56 —46 52 40 12 6.11
Precentral gyrus R 30 —18 56 4 15 7.20

Note—Each local maximum represents the peak of a cluster of suprathreshold voxels (see Method) and is
listed according to anatomical location, laterality, coordinates, BA, cluster size of ROI, and peak ¢ value.
Coordinates correspond to those from the MNI reference brain template. L, left; R, right; BA, Brodmann’s

area.

quence trials. In nonpianists, early in the session, similar
regions were engaged during sequence and random key-
presses, including the bilateral sensorimotor, premotor,
and parietal cortex. Late in the session for random trials,
the extent of activation appeared to decrease substantially
in all regions except the right premotor cortex. For se-
quence trials, however, activity in the motor and parietal
regions was sustained late in the session.

The network of regions activated for pianists included
the same regions that were active for nonpianists, as well
as additional regions that were unique to pianists (the bi-
lateral SMA and middle frontal gyrus for random trials,
and the bilateral basal ganglia and left inferior parietal
lobule for sequence trials). The extent of activation for
both conditions decreased late in the session.

Finally, we carried out direct nonpianist versus pianist
contrasts for each condition (Figure 6, Table 4). Activa-
tion was collapsed across early and late phases of practice,
for this comparison. Across both conditions, pianists had
greater activity than nonpianists in several, mostly right-
lateralized, regions. During random trials, pianists had
greater activity in the right inferior temporal and inferior
frontal gyri. During sequence trials, pianists had greater
activity in the right superior frontal gyrus, left cingulate
gyrus, and a region on the border of the right precentral
gyrus and primary motor cortex. This result was consis-
tent with the ROI analyses, in which pianists had dispro-
portionately higher activation than nonpianists in the same
region during sequence trials across the session.

Nonpianists showed significant activation in only one
region in the right middle frontal gyrus during sequence
trials.

DISCUSSION

In this experiment, we examined changes in activation
over the course of the scanning session while pianists and
nonpianists performed a version of the SRT task. We ex-
amined activation in primary sensorimotor regions known
to change with different amounts of practice (Karni et al.,
1998) and associative regions such as the prefrontal and
parietal cortex known to be involved in sequence learn-
ing (Grafton et al., 1995) and piano performance (Parsons
et al., 2005; Stewart et al., 2003). Consistent with the hy-
potheses, both groups showed similar within-session (fast-
learning) decreases in activation across a common set of
task-active regions. However, pianists showed greater ac-
tivation than nonpianists in several regions, perhaps due to
functional reorganization after years of motor training.

Behavioral Evidence of Learning

Our behavioral results demonstrate that both pianists
and nonpianists learned the sequence, and that pianists
had faster overall motor speed. Pianists also showed supe-
rior early acquisition of the sequence, perhaps preventing
them from further decreasing RTs on subsequent runs.
These findings are consistent with studies demonstrating
that pianists have superior motor speed (Aoki, Furuya,
& Kinoshita, 2005) and acquisition of abstract sequence
knowledge (Palmer & Meyer, 2000).

Fast Learning

We found that most task-active regions decreased for
both groups over the course of the scanning session as
the task became well learned, providing evidence for fast
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Nonpianists

@ &

Early

SEQUENCE

RANDOM

Pianists

Early

Late

o

Early

Figure 5. Early and late maps of activation are shown for both trial types
(random, sequence) and for both groups (pianists, nonpianists). The early maps
are based on activation during the first scanning run; the late maps are based
on activation during the last scanning run.

learning for both groups. Task-active regions included the
bilateral primary sensorimotor, secondary motor, basal
ganglia, and parietal regions (Figure 3); these findings
were consistent with previous motor sequence learning
studies (Grafton et al., 1995; Honda et al., 1998; Mat-
tay et al., 2002; Werheid et al., 2003; Willingham et al.,
2002). Activation in these regions decreased across the
session for both groups, suggesting that fast learning is
linked to repetitive task performance and decreases in
activity within a fixed network of regions (Floyer-Lea &
Matthews, 2004), perhaps due to improvements in neural
efficiency and decreased attentional resources as sequen-
tial regularities are learned. The only regions that showed
no practice-related change across the session were the
right inferior frontal gyrus, bilateral putamen, right cau-
date, right thalamus, and right superior and middle tem-
poral gyri.

Although several regions had higher levels of activity
for pianists (i.e., a main effect of group), the within-session
effects of practice were similar between groups, suggesting
that short-term functional plasticity in these regions may be
independent from effects of long-term training.

Slow Learning
The ROI and group analyses provided evidence for
long-term slow learning, perhaps reflecting functional

reorganization resulting from years of motor training for
pianists. We found increased magnitude and extent of ac-
tivation for pianists across a number of regions, including
the right caudate and right primary motor cortex. Addi-
tionally, the right superior and inferior parietal regions
had greater activation for pianists, and this activation de-
creased significantly across the session.

Sequence and random trials showed different activation
patterns related to expertise. Consistent with our hypoth-
eses, the sequence condition engaged regions specialized
for higher level sequence learning to a greater extent than
the random condition. The dorsolateral prefrontal cortex is
known to be critical for spatial aspects of sequence learn-
ing (Robertson, Tormos, Maeda, & Pascual-Leone, 2001),
regardless of whether it is implicit or explicit (Robertson &
Pascual-Leone, 2003). In our study, both groups activated
the left middle frontal gyrus (BA 9/46) early in sequence
learning. Additionally, pianists had more activation than
nonpianists in right superior and inferior frontal regions,
whereas nonpianists had more activation than pianists in
a single right middle frontal region. The presence of both
within-session and between-group differences suggests
that subregions of the prefrontal cortex may be modulated
differently, depending on the time course of learning. Fi-
nally, increased activation in the primary motor cortex for
pianists is consistent with other studies proposing that
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Pianists > Nonpianists

Sequence

Figure 6. The contrast nonpianists versus pianists is shown for both conditions (ran-
dom, sequence). Activation for each trial type is averaged across the scanning session.
Nonpianist > pianist regions appear in yellow, and pianist > nonpianist regions appear

in blue. Regions are listed in Table 4.

this region is critical for complex sequence acquisition,
perhaps to a greater extent than simple motor function
(Gerloff, Corwell, Chen, Hallett, & Cohen, 1998).

In the random condition, there was no underlying se-
quence structure to be learned and maintained in WM, and
it was not possible for participants to predict the order of
stimuli, so attentional demands were constant. Random
trials may also engage regions that detect violations of
the predictable stimulus relationships learned during the
sequence trials. In this condition, like the sequence condi-
tion, pianists had more activity than nonpianists both early
and late in the session across bilateral motor and parietal
regions (Figure 5).

Although recent neuroimaging studies comparing
motor-related activation in pianists and nonpianists have
been inconsistent, our findings are consistent with Stewart
et al. (2003), who reported increases in activation of bilat-
eral superior parietal regions resulting from piano training.
They are also consistent with studies showing increased
motor activation in pianists in comparison with nonpianists
during repetitive performance of a 6-item finger sequence
task (Hund-Georgiadis & von Cramon, 1999) and during
arbitrary keypressing (Bangert et al., 2006). Our findings
are not in agreement, however, with several other studies
reporting decreased activity for pianists in comparison
with nonpianists in primary and secondary motor regions

Table 4
Local Maxima of the Group Contrast (Pianists vs. Nonpianists), Conducted Separately
for Random and Sequence Conditions (Shown in Figure 6)

Brain Region

R/L

Talairach Coord. No. ¢

x y z BA Voxels  Value

Random Trials

Pianists > Nonpianists

Inferior temporal gyrus R
Cingulate gyrus R
Inferior frontal gyrus R

Sequence Trials

Pianists > Nonpianists

Superior frontal gyrus R

Precentral gyrus/primary motor cortex R
Nonpianists > Pianists

Middle frontal gyrus R

56 —56 2 37 67 6.77
32 —44 30 32 264 6.98
38 —26 32 9/44 142 6.23
22 26 56 8 51 5.99
32 -4 42 6/4 116 5.95
50 30 44 8/9 53 5.48

Note—Each local maximum represents the peak of a cluster of suprathreshold voxels (see Method)
and is listed according to anatomical location, laterality, coordinates, BA, cluster size of ROI, and
peak ¢ value. Coordinates correspond to those from the MNI reference brain template. L, left; R,

right; BA, Brodmann’s area.
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during performance of in-phase and anti-phase bimanual
finger tapping (Haslinger et al., 2004), self-paced finger
tapping (Jancke et al., 2000), and repetitive performance
of a 12-item sequence (Krings et al., 2000).

It is likely that methodological differences account for
these differences, since tasks used in the different studies
have varied broadly. The task used in this experiment was
more demanding for both random and sequence condi-
tions. The finger-tapping or repetitive sequence tasks used
in previous experiments minimized attentional demands
because stimuli were predictable and allowed participants
to modulate their movements internally rather than rely on
external cues. In this experiment, the random condition
instead maximized attentional demands because stimuli
were unpredictable and participants had to rely on external
cues. For the sequence condition, we used a probabilistic
rather than a repeating sequence, with a complex underly-
ing structure. Even after five scanning runs, the sequence
did not become completely predictable. Therefore, both
the sequence and random conditions in the present ex-
periment required more externally driven attention than
the simple motor tasks used in previous experiments. Al-
though real piano playing differs in a number of important
ways, pianists have likely engaged similar mechanisms
of abstract sequence learning over their years of training
(Palmer & Meyer, 2000). These processes are known to
recruit bilateral superior and inferior parietal regions in
nonpianist controls (Catalan et al., 1998; Haslinger et al.,
2002; Sadato, Campbell, Ibafiez, Deiber, & Hallett, 1996).
In line with this, other studies have shown that a simula-
tion of piano playing engages a more extensive brain net-
work, including the posterior parietal cortex, in particular
(Meister et al., 2004; Stewart et al., 2003). We propose
that when decreased activation has been observed for pia-
nists, it was because they were less challenged (however,
see Bangert et al., 2000).

It is important to note that the group differences we
observed may have resulted from factors other than long-
term practice. For example, pianists may have been pre-
disposed to excel in motor learning due to inherent differ-
ences in brain morphology or neural function. Differences
in other factors, such as intelligence and socioeconomic
level, may have also contributed to the effects we ob-
served, although we attempted to minimize the influence
of these factors by recruiting all of the participants from
the same pool of university students. The question of the
origin of pianists’ brain differences is beyond the scope
of this study, but recent studies have not supported the
idea that inherent brain differences play a significant role
in musician/nonmusician activation differences. A recent
study comparing structural differences and various cog-
nitive and music aptitudes in musician and nonmusician
children (Norton et al., 2005) found no evidence for pre-
existing brain differences; future studies will continue to
address this question.

Because we found increased activation in pianists in
a number of regions that also show permanent structural
change with long-term learning, it is possible that expan-
sions in the cortical volume of regions subserving skills

required in music performance may underlie the patterns
of functional activation we observed. Structural expan-
sions in primary motor regions with motor training have
been reported in studies of animals (Blake, Byl, & Mer-
zenich, 2002). Voxel-based morphometry studies com-
paring musicians with nonmusicians have also reported
increased volume in several regions that may contribute
to the optimization of music performance skills over time:
the primary motor cortex (hand area), premotor cortex,
planum temporale (Schlaug, 2001), left inferior frontal
gyrus (Broca’s area; Sluming et al., 2002), and posterior
parietal regions (Gaser & Schlaug, 2003). Some of these
increases in cortical volume correlate with the age of
onset of musical training, suggesting that there may be
a critical period during which structural plasticity occurs
(Sluming et al., 2002).

Functional Asymmetry

A previous study of motor sequence learning reported
primarily left-lateralized activation in the premotor and
parietal regions associated with sequence complexity
(Haaland, Elsinger, Mayer, Durgerian, & Rao, 2004). In
this study, we did not observe left-lateralized activation as-
sociated with sequence learning in either group. Instead,
our group contrast and early versus late analysis both
showed that pianists had greater right-lateralized activity
in several regions from the mapwise analysis (caudate,
primary motor cortex, and superior and inferior parietal
lobules). Increased activity for pianists relative to nonpia-
nists corresponding to the nondominant hemisphere may
be due to reduced asymmetry of the right hand represen-
tation for pianists. These findings are in line with several
studies providing evidence for reduced functional asym-
metry (Kung, Lin, Lee, Wu, & Hsieh, 2002) and reduced
interhemispheric inhibition in musicians (Ridding, Brou-
wer, & Nordstrom, 2000), perhaps due to the demands
for hemispheric cross talk during musical training. Our
findings are also consistent with a recent study report-
ing that superior motor sequence learning is associated
with primarily right-sided frontal and parietal activation,
whereas inferior learning is associated with more left-
sided activation (Heun et al., 2004).

Mechanisms of Functional Plasticity

Mechanisms underlying the expansion of functional
activation with long-term training that are shown in this
study and in others (Karni et al., 1995; Olesen et al., 2004;
Pascual-Leone et al., 1995) are not well understood, but
they may be linked to permanent modifications in ana-
tomical structure that occur in some of the same regions
(Amunts et al., 1996). Our methods do not provide evi-
dence for these mechanisms, but investigating the time
course of plastic changes in the nervous system provides
some insight. Our data support theories of separate fast
and slow learning processes that differ on the basis of the
time course of learning as well as their underlying neu-
ral basis. Short-term functional plasticity, such as the fast
within-session reduction in activation reported here, likely
involves changes in synaptic efficiency or recruitment of
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existing networks, since these changes may occur in min-
utes or hours. Changes in the efficiency of existing net-
works, or increased reliance on new networks, as a task
becomes well learned, may then influence the functional
connectivity of the task-active regions (Fletcher, Biichel,
Josephs, Friston, & Dolan, 1999; Kelly & Garavan, 2005).
Another possible mechanism of short-term plasticity is
reduced inhibition from unmasking of horizontal connec-
tion changes in efficacy of excitatory synapses (Sanes &
Donoghue, 2000), which has been demonstrated by show-
ing that pharmacological blockade of inhibition in one
part of the rat primary motor cortex made it possible to
evoke movement during stimulation of adjacent areas of
the cortex (Jacobs & Donoghue, 1991).

Slow changes, on the other hand, may occur via syn-
aptogenesis, since modifications in axonal and dendritic
structure generally occur over a longer time scale of
weeks or years (Diamond, 2001; Kolb & Whishaw, 1998;
Scheibel, Conrad, Perdue, Tomiyasu, & Wechsler, 1990).
Reward-motivated learning is associated with release of
acetylcholine, noradrenaline, and dopamine, which repre-
sents a behaviorally relevant temporal marker and may in-
duce modifications to somatosensory regions engaged by
the task being learned (Blake et al., 2002). Neurochemical
interactions between basal ganglia/midbrain regions and
somatosensory regions therefore may be critical for induc-
ing plasticity in the somatosensory cortex, and possibly
other regions. Reinforcing behavior via a temporal marker
may be particularly important for learning of complex se-
quences. This process evokes the principle of Hebbian
learning, which suggests that long-term juxtaposition of
events in time may result in the corepresentation of these
events neurally. Thus, the specific cognitive processes en-
gaged by expert musicians during sequence learning may
differ from processes engaged by nonmusicians perform-
ing the same motor task, since years of training may result
in cortical reorganization and the engagement of unrelated
processes via Hebbian learning (Ragert, Schmidt, Alten-
miiller, & Dinse, 2004).

Neural Efficiency

Our data suggest that both fast and slow learning reflect
increased efficiency of the network involved in perform-
ing a task with increasing skill. The simultaneous exami-
nation of fast and slow learning phases within the same
experimental paradigm shows that neural efficiency may
be associated with different functional profiles. Both pia-
nists and nonpianists showed comparable practice-related
decreases in activation in motor and parietal regions over
the course of the session, reflecting reduced need for at-
tentional resources within a fixed network. Additionally,
pianists had significantly higher levels of activation in a
primarily right-lateralized network of prefrontal, motor,
and cingulate regions for both sequence and random con-
ditions. Thus, the increased magnitude and extent of ac-
tivity in these regions for pianists suggests that long-term
motor training leads to recruitment of an enlarged net-
work. Furthermore, this network includes both motor and
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nonmotor regions, suggesting that slow learning mecha-
nisms selectively modify the efficiency of regions specific
to the domain of expertise, as well as that of higher level
associative regions.

The findings presented here challenge theories of neu-
ral efficiency proposing that optimized neural processing
is associated with reduced activity. Instead, we propose
that an optimized motor system is capable of greater flex-
ibility and adaptability, depending on the demands of the
task. This may mean reduced activity in the case of simple
and repetitive motor tasks, or it may mean recruiting an
extensive network of primary and multimodal regions
during performance of a complex task. Further research
using a variety of methodological approaches will help
determine the mechanisms that underlie different types of
functional plasticity.

REFERENCES

AGUIRRE, G. K., ZARAHN, E., & D’EsprosiTo, M. (1998). The inferential
impact of global signal covariates in functional neuroimaging analy-
ses. Neurolmage, 8, 302-306.

AMUNTS, K., SCHLAUG, G., SCHLEICHER, A., STEINMETZ, H., DABRING-
HAUS, A., RoLAND, P. E., & ZILLEs, K. (1996). Asymmetry in the
human motor cortex and handedness. Neurolmage, 4, 216-222.

Aokl, T., FURUYA, S., & KiNosHITA, H. (2005). Finger-tapping ability
in male and female pianists and nonmusician controls. Motor Control,
9,23-39.

BANGERT, M., PESCHEL, T., SCHLAUG, G., ROTTE, M., DRESCHER, D.,
HinrIcHS, H., ET AL. (2006). Shared networks for auditory and motor
processing in professional pianists: Evidence from fMRI conjunction.
Neurolmage, 30, 917-926.

BERNS, G. S., COHEN, J. D., & MINTUN, M. A. (1997). Brain regions
responsive to novelty in the absence of awareness. Science, 276, 1272-
1275.

BLAKE, D. T., ByL, N. N., & MERZENICH, M. M. (2002). Representa-
tion of the hand in the cerebral cortex. Behavioral Brain Research,
135, 179-184.

BoRr, D., DUNCAN, J., WISEMAN, R. J., & OWEN, A. M. (2003). Encod-
ing strategies dissociate prefrontal activity from working memory
demand. Neuron, 37, 361-367.

Cao0, J. (1999). The size of the connected components of excursion sets
of x2, t, and F fields. Advances in Applied Probability, 31, 579-595.

CATALAN, M. J., HONDA, M., WEEKS, R. A., COHEN, L. G., & HALLETT, M.
(1998). The functional neuroanatomy of simple and complex sequential
finger movements: A PET study. Brain, 121, 253-264.

CLEEREMANS, A., & MCCLELLAND, J. L. (1991). Learning the structure
of event sequences. Journal of Experimental Psychology: General,
120, 235-253.

DiaMonD, M. C. (2001). Response of the brain to enrichment. Annals of
the Brazilian Academy of Sciences, 73, 211-220.

FLETCHER, P., BUCHEL, C., JosepPHS, O., FrisToON, K., & DoLAN, R.
(1999). Learning-related neuronal responses in prefrontal cortex stud-
ied with functional neuroimaging. Cerebral Cortex, 9, 168-178.

FLOYER-LEA, A., & MATTHEWS, P. M. (2004). Changing brain networks
for visuomotor control with increased movement automaticity. Jour-
nal of Neurophysiology, 92, 2405-2412.

GASER, C., & SCHLAUG, G. (2003). Brain structures differ between musi-
cians and nonmusicians. Journal of Neuroscience, 23, 9240-9245.
GERLOFF, C., CORWELL, B., CHEN, R., HALLETT, M., & COHEN, L. G.
(1998). The role of the human motor cortex in the control of complex

and simple finger movement sequences. Brain, 121, 1695-1709.

GRAFTON, S. T., HAZELTINE, E., & Ivry, R. (1995). Functional map-
ping of sequence learning in normal humans. Journal of Cognitive
Neuroscience, 7,497-510.

HAALAND, K. Y., ELSINGER, C. L., MAYER, A. R., DURGERIAN, S., &
Rao, S. M. (2004). Motor sequence complexity and performing hand



258 LANDAU AND D’ESPOSITO

produce differential patterns of hemispheric lateralization. Journal of’
Cognitive Neuroscience, 16, 621-636.

HASLINGER, B., ERHARD, P., ALTENMULLER, E., HENNENLOTTER, A.,
SCHWAIGER, M., GRAFIN VON EINSIEDEL, H., ET AL. (2004). Reduced
recruitment of motor association areas during bimanual coordination
in concert pianists. Human Brain Mapping, 22, 206-215.

HASLINGER, B., ERHARD, P., WEILKE, F., CEBALLOS-BAUMANN, A. O.,
BARTENSTEIN, P., GRAFIN VON EINSIEDEL, H., ET AL. (2002). The role
of lateral premotor-cerebellar-parietal circuits in motor sequence con-
trol: A parametric fMRI study. Cognitive Brain Research, 13, 159-168.

HEUN, R., FREYMANN, N., GRANATH, D. O., STRACKE, C. P., JESSEN, E.,
Barkow, K., & REUL, J. (2004). Differences of cerebral activation be-
tween superior and inferior learners during motor sequence encoding
and retrieval. Psychiatry Research: Neuroimaging, 132, 19-32.

HoNDA, M., DEIBER, M.-P,, IBANEZ, V., PASCUAL-LEONE, A., ZHUANG, P.,
& HALLETT, M. (1998). Dynamic cortical involvement in implicit and
explicit motor sequence learning. A PET study. Brain, 121, 2159-
2173.

HUND-GEORGIADIS, M., & VON CRAMON, D. Y. (1999). Motor-learning-
related changes in piano players and non-musicians revealed by func-
tional magnetic-resonance signals. Experimental Brain Research,
125, 417-425.

Jacoss, K. M., & DONOGHUE, J. P. (1991). Reshaping the cortical motor
map by unmasking latent intracortical connections. Science, 251, 944-
947.

JANCKE, L., SHAH, N. J., & PETERS, M. (2000). Cortical activations in
primary and secondary motor areas for complex bimanual movements
in professional pianists. Cognitive Brain Research, 10, 177-183.

KARNI, A., MEYER, G., JEZZARD, P., ADAMS, M. M., TURNER, R., &
UNGERLEIDER, L. G. (1995). Functional MRI evidence for adult motor
cortex plasticity during motor skill learning. Nature, 377, 155-158.

KARNI, A., MEYER, G., REY-HIpoLITO, C., JEZZARD, P., ADAMS, M. M.,
TURNER, R., & UNGERLEIDER, L. G. (1998). The acquisition of skilled
motor performance: Fast and slow experience-driven changes in pri-
mary motor cortex. Proceedings of the National Academy of Sciences,
95, 861-868.

KELLY, A. M., & GARAVAN, H. (2005). Human functional neuroimag-
ing of brain changes associated with practice. Cerebral Cortex, 15,
1089-1102.

KLEM, J. A., HoGgG, T. M., VANDENBERG, P. M., CooPER, N. R.,
BRUNEAU, R., & REMPLE, M. (2004). Cortical synaptogenesis and
motor map reorganization occur during late, but not early, phase of
motor skill learning. Journal of Neuroscience, 24, 628-633.

KoLs, B., & WHisHAW, 1. Q. (1998). Brain plasticity and behavior. 4n-
nual Review of Psychology, 49, 43-64.

KorMAN, M., Raz, N., FLasH, T., & KARNI, A. (2003). Multiple shifts
in the representation of a motor sequence during the acquisition of
skilled performance. Proceedings of the National Academy of Sci-
ences, 100, 12492-12497.

KRINGs, T., TOPPER, R., FoLTYs, H., ERBERICH, S., SPARING, R.,
WILLMES, K., & THRON, A. (2000). Cortical activation patterns dur-
ing complex motor tasks in piano players and control subjects: A func-
tional magnetic resonance imaging study. Neuroscience Letters, 278,
189-193.

Kung, S. J., LiN, C. H., LEE, P-L., Wu, Y.-T., & HsIEH, J.-C. (2002).
Bimanual coordination and motor learning in piano players and non-
musicians: A 3T fMRI study. Paper presented at Human Brain Map-
ping Annual Conference.

LASHLEY, K. (1951). The problem of serial order in behavior. In L. A.
Jeftress (Ed.), Cerebral mechanisms in behavior: The Hixson sympo-
sium (pp. 112-146). New York: Wiley.

MATTAY, V. S., FERA, F., TESSITORE, A., HARIRI, A. R., Das, S., CALLI-
coTT, J. H., & WEINBERGER, D. R. (2002). Neurophysiological cor-
relates of age-related changes in human motor function. Neurology,
58, 630-635.

MEISTER, 1. G., KrRINGS, T., FoLTYS, H., BOROOJERDI, B., MULLER, M.,
TOPPER, R., & THRON, A. (2004). Playing piano in the mind: An fMRI
study on music imagery and performance in pianists. Cognitive Brain
Research, 19, 219-228.

MEISTER, 1. [G.], KRINGS, T., FoLTYS, H., BOROOJERDI, B., MULLER, M.,
TOPPER, R., & THRON, A. (2005). Effects of long-term practice and

task complexity in musicians and nonmusicians performing simple
and complex motor tasks: Implications for cortical motor organiza-
tion. Human Brain Mapping, 25, 345-352.

MERZENICH, M. M., Kaas, J. H., WALL, J., NELsoN, R. J., SUR, M., &
FELLEMAN, D. (1983). Topographic reorganization of somatosensory
cortical areas 3b and 1 in adult monkeys following restricted deaffer-
entation. Neuroscience, 8, 33-55.

MULLER, R.-A., KLEINHANS, N., PIERCE, K., KEMMOTSU, N., & COUR-
CHESNE, E. (2002). Functional MRI of motor sequence acquisition:
Effects of learning stage and performance. Cognitive Brain Research,
14, 277-293.

MUNTE, T. FE., ALTENMULLER, E., & JANCKE, L. (2002). The musician’s
brain as a model of neuroplasticity. Nature Reviews Neuroscience, 3,
473-478.

NISSEN, M. J., & BULLEMER, P. (1987). Attentional requirements of
learning: Evidence from performance measures. Cognitive Psychol-
ogy, 19, 1-32.

NoRTON, A., WINNER, E., CRONIN, K., OVERY, K., LEE, D. J., &
SCHLAUG, G. (2005). Are there pre-existing neural, cognitive, or mo-
toric markers for musical ability? Brain & Cognition, 59, 124-134.

OLESEN, P. J., WESTERBERG, H., & KLINGBERG, T. (2004). Increased pre-
frontal and parietal activity after training of working memory. Nature
Neuroscience, 7, 75-79.

PALMER, C. (1997). Music performance. Annual Review of Psychology,
48, 115-138.

PALMER, C., & MEYER, R. K. (2000). Conceptual and motor learning in
music performance. Psychological Science, 11, 63-68.

Parsons, L. M., SERGENT, J., HODGES, D. A., & Fox, P. T. (2005). The
brain basis of piano performance. Neuropsychologia, 43, 199-215.
PASCUAL-LEONE, A. (2001). The brain that plays music and is changed
by it. In R. J. Zatorre & 1. Peretz (Eds.), The biological foundations
of music (Annals of the New York Academy of Sciences, Vol. 930,

pp- 315-329). New York: New York Academy of Sciences.

PAscUAL-LEONE, A., NGUYET, D., CoHEN, L. G., BRasIL-NETO, J. P,
CAMMAROTA, A., & HALLETT, M. (1995). Modulation of muscle re-
sponses evoked by transcranial magnetic stimulation during the ac-
quisition of new fine motor skills. Journal of Neurophysiology, 74,
1037-1045.

PERETZ, 1., & ZATORRE, R. J. (2005). Brain organization for music pro-
cessing. Annual Review of Psychology, 56, 89-114.

POLDRACK, R. A., & GABRIELL J. D. (2001). Characterizing the neural
mechanisms of skill learning and repetition priming: Evidence from
mirror reading. Brain, 124, 67-82.

RAGERT, P., SCHMIDT, A., ALTENMULLER, E., & DINSE, H. R. (2004).
Superior tactile performance and learning in professional pianists:
Evidence for meta-plasticity in musicians. European Journal of Neu-
roscience, 19, 473-478.

RAucH, S. L., WHALEN, P. J., SAVAGE, C. R., CURRAN, T., KENDRICK, A.,
Brown, H. D., ET AL. (1997). Striatal recruitment during an implicit
sequence learning task as measured by functional magnetic resonance
imaging. Human Brain Mapping, 5, 124-132.

REBER, A. S. (1967). Implicit learning of artificial grammars. Journal of
Verbal Learning & Verbal Behavior, 6, 855-863.

RHODES, B. J., BULLOCK, D., VERWEY, W. B., AVERBECK, B. B., & PAGE,
M. P. A. (2004). Learning and production of movement sequences:
Behavioral, neurophysiological, and modeling perspectives. Human
Movement Science, 23, 699-746.

RIDDING, M. C., BROUWER, B., & NORDSTROM, M. A. (2000). Reduced
interhemispheric inhibition in musicians. Experimental Brain Re-
search, 133, 249-253.

ROBERTSON, E. M., & PASCUAL-LEONE, A. (2003). Prefrontal cortex:
Procedural sequence learning and awareness. Current Biology, 13,
R65-R67.

ROBERTSON, E. M., TorMOS, J. M., MAEDA, F., & PASCUAL-LEONE, A.
(2001). The role of the dorsolateral prefrontal cortex during sequence
learning is specific for spatial information. Cerebral Cortex, 11, 628-
635.

SADATO, N., CAMPBELL, G., IBANEZ, V., DEIBER, M., & HALLETT, M.
(1996). Complexity affects regional cerebral blood flow change dur-
ing sequential finger movements. Journal of Neuroscience, 16, 2691-
2700.



PIANO EXPERTISE AND SEQUENCE LEARNING

Sakal, K., Hikosaka, O., MiyaucHl, S., TAKINO, R., SAsAKI, Y., &
PUTZz, B. (1998). Transition of brain activation from frontal to pari-
etal areas in visuomotor sequence learning. Journal of Neuroscience,
18, 1827-1840.

SANES, J. N., & DONOGHUE, J. P. (2000). Plasticity and primary motor
cortex. Annual Review of Neuroscience, 23, 393-415.

SAVAGE, C. R., DECKERSBACH, T., HECKERS, S., WAGNER, A. D., SCHAC-
TER, D. L., ALPERT, N. M., ET AL. (2001). Prefrontal regions support-
ing spontaneous and directed application of verbal learning strategies:
Evidence from PET. Brain, 124, 219-231.

SCHEIBEL, A., CONRAD, T., PERDUE, S., ToMiYASU, U., & WECHSLER, A.
(1990). A quantitative study of dendrite complexity in selected areas
of the human cerebral cortex. Brain & Cognition, 12, 85-101.

SCHLAUG, G. (2001). The brain of musicians: A model for functional and
structural adaptation. In R. J. Zatorre & 1. Peretz (Eds.), The biological

Jfoundations of music (Annals of the New York Academy of Sciences,
Vol. 930, pp. 281-299). New York: New York Academy of Sciences.

SERGENT, J., ZUCK, E., TERRIAH, S., & MACDONALD, B. (1992). Distrib-
uted neural network underlying musical sight-reading and keyboard
performance. Science, 257, 106-109.

SLUMING, V., BARRICK, T., HowaARrD, M., CEZAYIRLI, E., MAYES, A.,
& ROBERTS, N. (2002). Voxel-based morphometry reveals increased
gray matter density in Broca’s area in male symphony orchestra musi-
cians. Neurolmage, 17, 1613-1622.

STEWART, L., HENSON, R., KAMPE, K., WALSH, V., TURNER, R., & FriTH, U.
(2003). Brain changes after learning to read and play music. Neuro-
Image, 20, 71-83.

259

TrAcy, J. I., FARO, S. S., MOHAMMED, F., PINUS, A., CHRISTENSEN, H.,
& BURKLAND, D. (2001). A comparison of “early” and “late” stage
brain activation during brief practice of a simple motor task. Cognitive
Brain Research, 10, 303-316.

UNGERLEIDER, L. G., DoYoN, J., & KARNI, A. (2002). Imaging brain
plasticity during motor skill learning. Neurobiology of Learning &
Memory, 78, 553-564.

WERHEID, K., ZIESSLER, M., NATTKEMPER, D., & vON CRAMON, D.Y.
(2003). Sequence learning in Parkinson’s disease: The effect of spatial
stimulus-response compatibility. Brain & Cognition, 52, 239-249.

WILLINGHAM, D. B., SALIDIS, J., & GABRIELL J. D. (2002). Direct com-
parison of neural systems mediating conscious and unconscious skill
learning. Journal of Neurophysiology, 88, 1451-1460.

WORSLEY, K. J., & FrisToN, K. J. (1995). Analysis of fMRI time-series
revisited—again. Neurolmage, 2, 173-181.

WORSLEY, K. J., MARRETT, S., NEELIN, P.,, VANDAL, A. C., FrisToN, K. J.,
& Evans, A. C. (1996). A unified statistical approach for determin-
ing significant signals in images of cerebral activation. Human Brain
Mapping, 4, 58-73.

ZARAHN, E., AGUIRRE, G. K., & D’EsposiTo, M. (1997). Empirical anal-
yses of BOLD fMRI statistics: 1. Spatially unsmoothed data collected
under null-hypothesis conditions. Neurolmage, 5, 179-197.

(Manuscript received September 6, 2005;
revision accepted for publication April 6, 2006.)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


