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� �

Abstract: Motor skill learning depends upon acquiring knowledge about multiple features of sequential
behaviors, including their visuomotor and spatial properties. To investigate the neural systems that
distinguish these representations, we carried out functional magnetic resonance imaging (fMRI) as
healthy adults learned to type sequences on a novel keyboard. On the initial training day, learning-related
changes in brain activation were found in distributed cortical regions, only a subset of which correlated
with improvements in movement time (MT), suggesting their preeminence in controlling movements
online. Subjects received extended training on the sequences during the ensuing week, after which they
returned to the scanner for another imaging session. Relative to performance at the end of the first training
day, continued plasticity was most striking in the inferior parietal cortex and new areas of plasticity were
uncovered in the caudate and cerebellum. Plasticity in these regions correlated with reaction time (RT),
suggesting their role in planning sequences before movement onset. Two transfer conditions probed for
“what” subjects learned. The probe for visuomotor learning produced increased activation in visual
analysis (left inferior visual cortex) and advance planning (left caudate) systems. The probe for spatial
learning produced increased activation in visuomotor-transformation (left dorsal visual pathway) and
retrieval (left precuneus) systems. Increased activity in all of these regions correlated with increased RT,
but not MT, indicating that both transfer conditions interfered with the neural representation of plans for
the sequences, but not processes that controlled their implementation. These findings demonstrated that
neuroanatomically dissociable systems support the acquisition of visuomotor and spatial representations
of actions. Hum Brain Mapp 24:229–247, 2005. © 2004 Wiley-Liss, Inc.
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INTRODUCTION

Throughout life, humans are able to learn complex motor
skills, many of which require extensive practice and repeti-
tion. Motor-skill learning involves gaining knowledge about
many aspects of sequential behaviors including regularities
in their spatial, perceptual, temporal, and motoric properties
[Lee, 2000; Mayr, 1996; Willingham et al., 2000]. It is, there-
fore, not surprising that practice on motor-sequencing tasks
is associated with plasticity in the striatum, cerebellum, and
distributed regions of the cerebral cortex. However, the neu-
ral underpinnings of different representations of motor-skill
learning are not well understood, nor are the effects of
extended practice. We investigated “what” subjects learned
as they practiced finger sequences and whether different
memory representations of the sequencing skill were sup-
ported by neuroanatomically distinct systems. We also stud-
ied the time course of brain plasticity as subjects practiced
the sequences over five sessions.

Although changes in brain activation throughout the
course of practicing a skill have been well documented,
some studies have reported learning-related increases in
activation in numerous cortical and subcortical regions
[Grafton et al., 1995, 1998; Hazeltine et al., 1997; Hikosaka et
al., 1996; Jueptner et al., 1997b; Toni et al., 1998], whereas
others have shown no change or decreased activation with
practice in some of these same areas [Jenkins et al., 1994;
Sakai et al., 1998; Schlaug et al., 1994; Toni et al., 1998; Toni
and Passingham, 1999]. One model suggests that these dis-
crepancies may be explained in part by the distinct roles of
corticostriatal and corticocerebellar systems in different
stages of sequence learning and motor adaptation, respec-
tively [Doyon et al., 2003]. By this account, corticocerebellar
systems are involved primarily in early motor adaptation
phases of learning where the adjustment and monitoring of
sensory-motor information is most crucial. Once a motor
task becomes more practiced, these mechanisms are less
active and corticostriatal systems become more active, due
to their primary role in automatization of sequence learning.
Although relatively few studies have investigated neural
plasticity over extended periods of practice, motor-sequenc-
ing learning sometimes produces a shift in activation from
the cerebellum in early stages of learning to the striatum in
later stages [Doyon et al., 2002; Penhune and Doyon, 2002];
however, this has not always been found [Muller et al., 2002;
Sakai et al., 1998; Toni et al., 1998]. The failure to observe
striatal, cerebellar, or other patterns of learning-related plas-
ticity may also be related to insufficient practice on a task.
For example, Karni et al. [1998] showed only subtle changes
in motor cortex (M1) activity during the first 3 weeks of
practicing sequential finger movements, but an expansion of
activation was found after 3 additional weeks of practice.
These findings suggest that sensorimotor representations of
motor sequences evolve more gradually.

Although the stage of expertise undoubtedly provides a
window into the nature of knowledge representations, dis-
crepant patterns of learning-related neural plasticity are also
likely explained by differences among studies in what is

being learned. The most common approach to understand-
ing the neural underpinnings of learning specific types of
knowledge about a skill has been to study neural plasticity
associated with carrying out a particular task (e.g., timed
motor sequences, visuomotor sequencing) [Penhune and
Doyon, 2002; Sakai et al., 2002; Toni and Passingham, 1999].
This approach assumes that brain plasticity is related to
learning the experimenter-defined task characteristic, which
may be problematic because most skilled behaviors are com-
prised of multiple representations. It might therefore be
difficult to distinguish brain plasticity related to learning the
experimenter-defined task characteristic from learning other
types of task-relevant information. An alternative approach
is to probe for sequence-specific learning by using transfer
conditions that differ from the practiced task in a specific
characteristic. If performance is disrupted in the transfer
condition and is accompanied by regional changes in brain
activity, this provides more direct evidence for the neural
basis of sequence-specific learning. This approach has been
used to identify effector-specific learning [Grafton et al.,
2002] and spatial learning [Grafton et al., 2001]. However,
neither of these studies examined whether the neural repre-
sentation of effector- or spatial-specific properties was dis-
tinct from the representation of other types of sequence-
specific knowledge. This is important because probes for
different types of knowledge can reflect processing in com-
mon systems involved in, for example, memory retrieval,
attention, or executive functions, as well as processing in
systems that specifically support the representation of a
particular type of knowledge.

We investigated whether acquisition of a sequential skill
involved two types of learning: visuomotor learning of fin-
ger-movement sequences that were defined by letter stimuli,
and spatial learning of the locations of finger movements on
a keypad in allocentric space. We exposed individuals to a
novel four-button keypad, on which they were asked to type
four-letter strings (Fig. 1). On the first day of training, sub-
jects practiced four different sequences over multiple trials
while they underwent functional magnetic resonance imag-
ing (fMRI) scanning. Individuals learned not only a set of
letter strings and associated finger movements, but also the
layout of the keypad. To study longer-term learning, we had
subjects practice the sequences daily for 1 week before re-
turning to the scanner to carry out the task again. We hy-
pothesized that performance would improve rapidly during
the early phase of learning and that practice-related fMRI
signal changes would be seen across a network of cortico-
striatal and corticocerebellar systems involved in movement
sequencing [Doyon et al., 2003; Haaland et al., 2000; Har-
rington et al., 2000; Hikosaka et al., 2002], reflecting both
general learning of the task and the acquisition of sequence-
specific knowledge. We did not predict the direction of
blood oxygen level-dependent (BOLD) signal change, how-
ever, due to contradictory findings in the literature. We
allowed movement speed to improve without constraint to
study the natural development of automaticity. Some
blocked-design studies have constrained the rate of perfor-
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mance as subjects practice a skill to control for the larger
number of repetitions within a trial block as learning
progresses [Grafton et al., 1995, 1998; Toni et al., 1998]. This
approach attempts to disentangle the confounding influ-
ences of performance from learning-based changes in brain
activation; however, this procedure can alter the evolution
of normal learning from a controlled or effortful process to
a more automatic one. We avoided this problem by using an
event-related fMRI design in which the evoked hemody-
namic response is calculated for individual trials rather than
summated over multiple trial repetitions in a blocked de-
sign. The total amount of movement thus does not change as
performance improves.

To probe for visuomotor and spatial learning, we intro-
duced two transfer conditions on the final scanning day (Fig.
1B,C). In the visuomotor transfer condition, the sets of letter
strings and associated finger movements were changed so
that subjects carried out novel letter-finger sequences on the
familiar keypad (new sequence). We hypothesized that dif-
ferences in functional activity between this condition and
the familiar condition would be seen in striatal-prefrontal
motor systems (e.g., basal ganglia, premotor cortex, supple-
mentary motor area [SMA]), which are important in learning
visuomotor sequences [Toni et al., 2001]. In the spatial trans-
fer condition, the spatial mapping of letters on the keyboard

was changed, and subjects carried out the familiar sequences
on a novel keyboard map (new map). We hypothesized that
differences between this condition and the familiar condi-
tion would be especially apparent in the parietal cortex, due
to its role in representing allocentric space [Ungerleider and
Haxby, 1994]. Because both transfer conditions changed the
ordering of individual finger movements and required sub-
jects to inhibit the familiar sequence, we expected that both
conditions would produce increased activation in systems
associated with executive functions (e.g., middle-frontal cor-
tex) [Smith and Jonides, 1999] and response conflict (e.g.,
anterior cingulate) [MacDonald et al., 2000].

SUBJECTS AND METHODS

Subjects

The participants were 12 healthy volunteers (6 women;
mean age, 24.8 years; age range, 18–32 years). All were
strongly right-handed (mean laterality quotient � 94.8;
range � 80–100) on the Edinburgh Handedness Inventory
[Oldfield, 1971]. No subjects had a history of neurologic
disease, major psychiatric disturbance, substance abuse, or
were taking psychoactive prescriptive medications. In-
formed consent was obtained according to institutional

Figure 1.
Experimental task. Time sequence of trial events (A). At the
beginning of each trial, subjects were presented with a central
fixation cross and a set of letters below, corresponding to the
standard keyboard alignment. After 9 s, the cross expanded and
darkened, providing subjects with a warning signal that a trial was
to begin. The sequence of letters to be typed on a four-button
keypad would then appear above the fixation cross for 5 s.
Subjects typed standard sequences (C, left column) on the stan-
dard keyboard map (B, left) on the first learning day in the scanner

and during the extended practice sessions outside the scanner.
During the second scanning session, subjects typed sequences
under three conditions: (1) standard sequences on standard key-
board map; (2) new sequences constructed by switching the order
of last two elements (C, middle) on standard keyboard map; and
(3) standard sequences on novel keyboard map (B, right; C, right).
In the new keyboard map condition, letters in parentheses denote
the correspondence of the response mappings to the old key-
board.
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guidelines of the Medical College of Wisconsin Human Sub-
jects Review Committee, consistent with the Declaration of
Helsinki. All subjects were paid $100 for their participation.

Experimental Paradigm

Stimuli were computer generated and rear-projected onto
the center of an opaque screen located at the subject’s feet
(viewing distance � 200 cm). The total dimensions of the
stimulus array subtended a 1.5 � 3.0-degree visual angle.
Subjects viewed the screen in a darkened room through
prism glasses and corrective lenses, if necessary. The stim-
ulus array consisted of black letters on a white background
(Fig. 1). Four letters at the top of the array represented the
sequence of letters to be typed on a four-button keypad.
Below this target sequence was a centrally located cross,
which served as a fixation point. Four letters below the cross
represented the alignment of keys on the keypad (i.e., the
keyboard map). A nonferrous, four-button key press device
was used and the computer recorded the accuracy and
response time of each key press. Three response time mea-
sures were calculated. Reaction time (RT) was measured
from stimulus onset to the onset of the first key press.
Inter-response time (IRT) for each remaining keystroke was
measured for the onset of one key press to the onset of the
next key press. Movement time (MT) was the sum of the
time of the remaining three IRTs. Subjects received auditory
feedback (a computer-generated buzzer sound presented
through air conduction tubes) if they typed an incorrect
letter. If there was an error in typing, the subject was in-
structed to complete the remainder of the sequence cor-
rectly.

Figure 1A shows the phases of each trial. Throughout the
trial, subjects were instructed to maintain fixation on the
centrally located cross. Each imaging run began with 10 s of
rest followed by 24 15-s trials for a total of 6 min (10 s/run).

The experiment consisted of three phases. During the
learning phase, subjects were exposed to the four standard
sequences and the standard keyboard map for the first time.
Once positioned in the scanner, subjects were provided with
a demonstration of the task and 8–24 practice trials (practice
was discontinued when the subject attained a criterion of 4
consecutively correct trials). The subjects then carried out 8
runs of 24 trials each while being scanned. There were four
different four-letter stimuli, which were presented in a pseu-
dorandom order (e.g., the set of four stimuli were sampled
randomly until all items had been presented, then another
randomly ordered cycle began, until six randomly ordered
cycles had been completed). Subjects were instructed to
perform each typing sequence as quickly as possible without
making mistakes. Accuracy was emphasized over speed of
responding.

During the practice phase, subjects practiced the four
standard sequences daily outside of the scanner using the
same keyboard map. Subjects carried out three practice runs
(24 trials per run) on each of five weekdays between scan-
ning sessions. The trials were identical to those carried out in
the scanner, except the rest phase was shortened to 4 s.

During the transfer phase, subjects returned to the scanner
at the same time of day at which they had been scanned the
previous week. The procedures were identical except that
there were no practice trials. Three conditions were carried
out (2 runs/condition; 24 trials/run) during this scanning
session (Fig. 1C). To assess changes in performance across
the week of practice, subjects carried out two runs of the
sequences they had been practicing during the preceding
week (standard sequence condition). To probe for percep-
tual learning, subjects typed a new set of four four-letter
sequences on the standard keyboard map (new sequence). The
new sequence condition was designed by switching the
order of the last two letters of each sequence (Fig. 1C). To
examine spatial learning of the keyboard map, subjects car-
ried out the same sequences on a different keyboard map
(new map). This keyboard map was designed by rearranging
the letters on the keyboard such that the letter strings and
movement sequences were identical to those that had been
practiced, but the response locations changed (Fig. 1B,C).
Because both transfer conditions altered the ordering of
finger movements, activations uniquely associated with
each condition should be due to changes in the perceptual or
spatial mapping properties of the sequences. The order of all
conditions was counterbalanced across subjects and the two
runs of each condition were carried out consecutively.

Imaging Procedures

Whole-brain, event-related functional MRI was conducted
on a commercial 1.5-Tesla scanner (Signa; General Electric
Medical Systems, Milwaukee, WI) equipped with a three-
axis local gradient head coil and an elliptical endcapped
quadrature radiofrequency coil (Medical Advances, Inc.,
Milwaukee, WI). Foam padding was used to limit head
motion. Echo-planar images were collected using a single-
shot, blipped, gradient-echo echo-planar pulse sequence
(repetition time [TR] � 2.5 s; echo time [TE] � 40 ms; field of
view [FOV] � 24 cm; matrix size � 64 � 64). Seventeen
contiguous sagittal 7-mm thick slices were selected to pro-
vide coverage of the entire brain (voxel size: 3.75 � 3.75 � 7
mm). Six images were collected per 15-s trial for a total of
148 sequential images per run. At the beginning of the
scanning session, 3-D SPGR anatomic images were collected
(TE � 5 ms, TR � 24 ms, 40-degree flip angle, number of
excitations [NEX] � 1, slice thickness � 1.1–1.3 mm, FOV
� 24 cm, resolution � 256 � 192).

Image Analysis

Each image time series was spatially registered in-plane to
reduce the effects of head motion using an iterative linear
least-squares method. Functional images were created by
subtracting a local baseline (fixation) image from an activa-
tion image on a trial-by-trial basis. The first images (0 s
post-stimulus onset) in temporally adjacent trials were av-
eraged to remove linear trends and are referred to as the
local baseline image. The third, fourth, and fifth images (5.0,
7.5. and 10 s post-stimulus onset) were summed to provide
a modified measurement of the evoked change in the hemo-
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dynamic response and the sum is referred to as the activation
image. The second and sixth images (2.5 and 12.5 s post-
stimulus onset, respectively) were not analyzed because
they represent the transitional rise and fall of the evoked
hemodynamic response. In the next stage, a difference image
was created for each trial by subtracting the baseline image
from the activation image. Only correctly typed sequences
were used in the analyses to maximize the association be-
tween behavioral performance and neuronal activation. An
average difference image (ADI) was then created for each of the
conditions by averaging all of the individual difference im-
ages within a condition. Individual SPGR anatomic scans
and average difference images were linearly interpolated to
volumes with 1 mm3 voxels, coregistered, and transformed
into standard stereotaxic space [Talairach and Tournoux,
1988] using the analysis of functional neuro-images (AFNI)
software package [Cox, 1996]. Functional images were
blurred using a 4-mm Gaussian full-width half-maximum
(FWHM) filter to compensate for intersubject variability in
anatomic and functional anatomy. An individual voxel sta-
tistical threshold of P � 0.005 and a minimum cluster size
threshold of 200 �l [Forman et al., 1995] was applied to
minimize false positive activation foci in the activation
maps. These two thresholds were established based on
10,000 Monte Carlo simulations, demonstrating that the
chance probability of obtaining a significant activation clus-
ter for an entire volume (Type I error) was less than P � 0.05.

RESULTS

Behavioral Data

Analysis of variance (ANOVA) with repeated measures
was used for all statistical tests, and trend analyses (linear
and quadratic) tested the effects of run and transfer condi-
tion. The Huynh-Feldt correction was used to adjust for
violations in homogeneity of variance, whenever appropri-
ate.

Learning phase

To examine the effects of practice on performance during
the initial learning phase, separate ANOVAs for each de-
pendent variable tested the within-subject effect of run, av-
eraging across the sequences. Accuracy did not improve
across the eight runs during the first scanning session (P
� 0.10). Performance was accurate, averaging 83% percent
correct (standard deviation [SD] � 3%) across runs. Figure
2A shows that RT and MT improved across the eight runs.
Significant linear and nonlinear effects of run were found for
both RT (linear: F[1,11] � 8.0, P � 0.02; quadratic: F[1,11] �
8.1, P � 0.02) and MT (linear: F[1,11] � 38.5, P � 0.0001;
quadratic: F[1,11] � 70.2, P � 0.0001).

Practice phase

The data from the practice phase were averaged across the
three runs for each of the 5 days. Figure 2B shows that when

Figure 2.
Mean (standard error) of median reaction time and movement
time during the practice trials and the transfer conditions. A:
Learning phase on Day 1 (eight consecutive imaging runs). B:
Extended practice phase (5 days; each day represents average of
three runs). C: Transfer phase (average of two runs per condi-

tion). In the transfer phase, subjects performed (a) standard se-
quences on standard keyboard map (old), (b) novel sequences on
standard keyboard (new sequence), and standard sequences on
novel keyboard map (new map).
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subjects practiced the same sequences during nonscanning
days, both RT (linear: F[1,11] � 21.7, P � 0.001) and MT
(linear: F[1,11] � 15.5, P � 0.01) continued to improve across
the 5 days.

Transfer phase

The data from the transfer phase were averaged across the
two runs in each condition. Repeated-measures ANOVA
tested the effect of transfer condition for each dependent
measure. Accuracy differed among the conditions (F[2,22] �
4.9, P � 0.02) such that performance was more accurate for
the familiar and new sequence conditions (mean � SD � 98
� 1%) than for the new map condition (mean � SD � 93
� 2%). Figure 2C shows that RT (F[2,22] � 33.2, P � 0.0001)
and MT (F[2,22] � 8.1, P � 0.01) also varied as a function of
transfer condition. Follow-up analyses indicated that RTs
were longer for the new sequence (F[1,11] � 10.9, P � 0.01)
and the new map conditions (F[1,11] � 61.7, P � 0.001)
relative to the familiar condition. RTs were also longer for
the new map than the new sequence condition (F[1,11] �
22.6, P � 0.001). MTs were longer for the new sequence
(F[1,11] � 31.1, P � 0.001) and the new map (F[1,11] � 9.9,
P � 0.01) relative to the familiar condition, but there was no
difference in execution times between the two transfer con-
ditions. These findings indicated that the two transfer con-
ditions differed in terms of their initial planning (RT) but not
execution time (MT).

Because the transfer conditions differed with respect to
the number of movements that were reordered, we also
examined the pattern of response times to determine if
subjects organized the two types of transfer sequences dif-
ferently [Rosenbaum et al., 1983]. Figure 3 shows that the
pattern of response times for each key press as a function of
their serial position was similar to the practice phase, irre-
spective of the transfer condition, such that response times
were the longest for the first and the shortest for last finger
movement. There was also an effect of transfer for each
sequence (FRHW: F[2,22] � 41.8, P � 0.001; HWRF: F[2,22]
� 9.2, P � 0.001; RFWH: F[1.3,14] � 9.4, P � 0.01; WHFR:
F[1.4,15.6] � 4.8, P � 0.05). Thus, the two transfer conditions
differed in terms of their initial planning (RT), whereas
differences in the number of reordered movements had no
effect on execution time (MT) or sequence organization (pat-
tern of IRTs).

Functional Imaging Data

Learning phase

For analysis of the functional imaging data from the learn-
ing phase, statistical comparisons were made between the
eight different ADIs representing repetitions of the task in
each of the eight time-series. A one-way repeated measures
ANOVA was applied to the ADIs on a voxel-by-voxel basis
across the 12 subjects. The overall F test from this ANOVA
represents those voxels that demonstrate significant change
in mean intensity difference across runs. Table I and Figures
4 and 5 display the results from the ANOVAs. Table I also

shows the correlation coefficients for regions in which per-
formance was significantly correlated (P � 0.001) with learn-
ing-related change in the fMRI signal. Coefficients were
derived from linear regression analyses of the fMRI signal
on RT and MT. The mean difference score of all voxels
within active clusters thus defined was plotted across runs
to examine the direction of change across runs. These data
are graphed in Figures 4 and 5 for regions showing the
strongest relationship with performance. Several bilateral
cortical regions showed decreasing activation across the
eight runs, including the premotor (Brodmann area [BA] 6),
postcentral (BA 2), superior parietal (BA 7), and inferior
parietal (BA 40) cortices. In the left hemisphere, learning-
related decreases in activation were found in the SMA,
middle frontal cortex (BA 10), and in regions associated with
language, including the inferior frontal (BA 44) and superior
temporal (BA 22) cortices. In the right hemisphere, learning-
related decreases in activation were seen in the middle fron-
tal cortex (BA 6), occipital cortex (BA 19) and the cerebellum
(Lobule IV) [Schmahmann et al., 2000]. Three clusters
showed increasing activity across the eight runs (Fig. 5): the
left anterior cingulate (BA 24), posterior cingulate (BA 31),
and lingual gyrus (BA 18).

To examine the relationship between learning-related
changes in the BOLD response in the above regions and
performance, we correlated fMRI signal intensity in the
first and eighth runs with RT and MT during these runs.
RT did not correlate with brain plasticity during the prac-
tice phase. In the left hemisphere, MT correlated posi-
tively with learning-related decreases in fMRI signal in-
tensity in the SMA, premotor cortex (dorsal; BA 6), and
inferior frontal cortex. In contrast, MT correlated nega-
tively with learning-related increases in fMRI signal in-
tensity in the left cingulate motor areas (BA 24, 31) and the
left lingual gyrus. In the right hemisphere, MT correlated
negatively with fMRI signal decreases in a large cluster
located in the parietal lobe (BA 7 & 40) and in a dorsal
portion of the premotor cortex (BA 6).

Practice phase

To evaluate the effects of longer-term learning, the data
from the two familiar sequence runs of the transfer phase
were averaged and compared to data from the last two runs
of the learning phase using a paired t-test. A cutoff t-value of
3.12 (P � 0.005, degrees of freedom [df] � 11) and minimum
cluster size of 200 �l was used as the threshold for identi-
fying active voxels in this comparison. Figure 6 and Table II
show that activation in some regions continued to decrease
with extended practice, including the left middle frontal (BA
10), left postcentral gyrus (BA 2), and bilateral inferior pa-
rietal cortex (BA 40). In addition, extended practice resulted
in decreased activation in several areas not associated with
learning in early stages of practice including the bilateral
precuneus (BA 7), caudate nuclei bilaterally, left inferior
occipital cortex (BA 18), left cerebellum (Lobule V, hemi-
sphere and vermis), right middle frontal cortex (BA 9, 10),
and right thalamus. There were significant increases in ac-
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tivation in bilateral angular gyrus (BA 39) and left cuneus
(BA 18), which also were not associated with learning in the
initial practice phase.

To examine the relationship between performance and
learning-related changes in the BOLD response after ex-
tended practice, we correlated the average fMRI signal in-
tensity from the last two runs of the first fMRI session and
the two familiar-sequence runs of the second fMRI session
with the mean RT and MT during these runs. In contrast to
the learning phase, improvements in RT, but not MT, corre-
lated with brain plasticity. RT correlated positively with
learning-related decreases in activation in the bilateral infe-
rior parietal cortex (BA 40), bilateral precuneus (BA 7), bi-
lateral caudate, right thalamus, and left cerebellum (vermis
and peduncle).

Transfer phase

To examine brain regions involved in learning spatial
response location regularities (new map) versus those in-
volved in learning visuomotor regularities of sequences
(new sequence), separate repeated measures ANOVAs were
conducted comparing activation in the familiar sequences
(during the transfer phase) to activation in each of the trans-
fer conditions. All areas of significant activation were
greater in the transfer conditions relative to the familiar
condition. To determine whether the increased activations
during the visuomotor and spatial transfer conditions were
in neuroanatomically distinct or common regions, we im-
posed a spatial criterion [Harrington et al., 2000]. Activa-
tions in regions within 12 mm3 of one another in both

Figure 3.
Mean response times for each sequence condition during the
transfer phase. The means of the median response times are
graphed for each key press. Letters along the x-axis indicate the
familiar (old) sequence of key presses, the most similar key press
sequence in the visuomotor transfer condition (new sequences),

and the identical key press sequence in the spatial transfer condi-
tion (new map). Statistical analyses revealed significant differences
between the old condition and the two transfer conditions, but
the transfer conditions did not differ from one another (see text).
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transfer conditions were considered common areas and ac-
tivations in regions separated by more than 12 mm3 were
considered spatially distinct. Next, in a region-of-interest
(ROI) analysis, we evaluated whether the magnitude of ac-
tivation in spatially distinct regions differed significantly
between the two transfer conditions. In this analysis, the
difference in signal intensity between each transfer condi-
tion (new map, new sequence) relative to the familiar se-
quence condition was computed for the distinct regions
using paired one-tailed t-tests. Because we had already ad-
justed our significance threshold in the initial analyses that
tested for the effect of each transfer condition, a threshold of
P � 0.05 was adopted for the region of interest analyses.

Table III and Figure 7 show that both transfer conditions
produced increased activation bilaterally in the premotor
cortex, SMA, middle frontal cortex (BA 9), anterior cingu-
late, superior parietal cortex, and inferior parietal cortex. In
addition, both contrasts produced activation in the right
middle-inferior frontal cortex (BA 10, BA 45) right occipital

lobe, right caudate, and left cerebellum (Lobule VI). Table
III, however, shows that increased RT (bold type) or MT
(italic type) (i.e., transfer condition minus familiar se-
quences) correlated with increased activation in only a sub-
set of these areas: left premotor cortex, left inferior parietal
cortex, right SMA, and right middle frontal cortex (BA 9).

Table IV shows that changing the visuomotor properties
of the sequence (new sequence) produced increased activa-
tion in many distinct areas. In most of these areas, activation
was also significantly greater in the visuomotor than the
spatial transfer condition. Of these regions, the most spa-
tially distinctive included the left anterior-middle frontal
cortex (BA 10), bilateral inferior occipital cortex, left caudate,
left thalamus, and right cerebellum (Lobule VI). Table IV
also shows, however, that increased activation in only a
subset of these regions correlated with increased RTs includ-
ing the left inferior occipital cortex, left thalamus, and left
caudate. MT did not correlate with increased activity in any
distinct regions in the visuomotor transfer condition.

TABLE I. Regions showing learning-related changes in MR signal intensity on Day 1

Region (BA)

Left hemisphere

Region (BA)

Right hemisphere

Talairach
coordinates

Volume
(�l)

r
MT

Talairach
coordinates

Volume
(�l)

r
MTx y z x y z

Decreased intensity
Frontal lobe

SMA (6) �7 0 63 329 0.54 Precentral gyrus (4, 6) 37 �19 58 253
Premotor (6) �22 �3 49 316 0.53 Premotor (6) 18 �18 63 234

�50 5 31 272 51 1 25 459
Middle frontal (10) �41 45 �11 265 Middle frontal (6) 26 �5 51 749 0.43
Inferior frontal (44) �37 4 24 716 0.46

�50 15 22 202
Temporal lobe

Superior temporal (22) �45 �30 17 235
Parietal lobe

Postcentral gyrus (2) �39 �31 47 1,024 Postcentral (2) 55 �21 28 263
�52 �24 38 1,008 Superior parietal (7) 11 �53 64 204

Superior parietal (7) �21 �66 46 339 Postcentral (2) 35 �40 47 6,785 0.45
Inferior parietal (40) �40 �40 32 374 Superior (7)

Inferior parietal (40)
Occipital lobe

Middle occipital (19) 39 �78 19 776
Cerebelluma

Lobule IV 23 �36 �27 215
Increased intensity
Cingulate cortex

Anterior cingulate (24) �1 30 15 359 �0.37
�5 35 0 330

Posterior cingulate (31) 0 �33 33 547 �0.37
Occipital lobe

Lingual gyrus (18) �1 �79 �5 431 �0.42

Tabled correlations coefficients for regions in which performance was correlated significantly with learning-related changes in MR signal,
based on an � level of P � 0.001. BA, Brodmann area.
a Regions identified using the atlas of Schmahmann et al. [2000].
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Figure 4.
Learning phase decreases (Day 1). Lateral brain regions showing significantly (P � 0.005) decreased
MR signal intensity changes across the eight imaging runs (see Table I). Plots represent mean signal
intensity in specific active clusters across the eight runs.
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Table IV shows that changing the spatial mapping of
responses (new map) resulted in unique activation in the left
superior occipital cortex (BA 19) and precuneus (BA 31).
There was a trend for activation to be greater in the spatial
mapping than the visuomotor transfer condition (P � 0.054).
There was also a trend for increased RT, but not MT, to
correlate with increased activation in this region.

DISCUSSION

Overview

Our results demonstrated dynamic changes in distributed
cortical and subcortical networks as subjects learned motor

sequences. These findings highlighted the importance of
extended practice in characterizing the neural basis of skill
learning, as plasticity in subcortical and cerebellar regions
was found only after practicing the sequences for 5 days.
Moreover, brain plasticity correlated with improvements in
performance in only a subset of regions, suggestive of their
preeminence in sequence learning. In early stages of learn-
ing, improvements in MT correlated with plasticity in occip-
ital, inferior frontal, and parietal cortices as well as intercon-
nected motor areas (SMA, BA 6, cingulate cortex). These
results suggested that early learning is subserved by two
networks principally involved in stimulus identification and
controlling movements on-line. This contrasted with later

Figure 5.
Learning phase increases (Day 1). Midline regions showing significantly (P � 0.005) increased MR
signal intensity across the eight imaging runs (see Table I). Plots represent mean signal intensity in
specific active clusters across the eight runs.
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Figure 6.
Extended practice phase (Day 1 vs. Day 2). Brain regions showing significant differences (P � 0.005)
between the last two imaging runs of the learning phase (Day 1) and the two imaging runs of the
old condition (standard sequence and standard map) from the transfer phase (Day 2). Regions in red
were more active after practice, whereas regions in blue were less active after practice. Numbers
correspond to areas in Table II.
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stages of learning in which improvements in RT correlated
with plasticity in inferior parietal, subcortical, and cerebellar
regions, indicating that skilled performance was supported
by networks involved in representing and planning sequen-
tial movements.

The patterns of brain plasticity seen in our study were
only partially consistent with models that predict a shift in
activation from cerebellar–cortical motor areas in early
stages of learning to striatal–cortical association areas in
later stages of learning [Doyon et al., 2002; Penhune and
Doyon, 2002]. Although we found learning-related de-
creases in activation in the cerebellum and interconnected
motor areas, decreases were found also in the striatum and
frontal and parietal cortices, particularly after extended
practice. These latter findings also contrasted with results
showing a shift from frontal cortex activation in early stages
of sequence learning to parietal cortex activation in later
stages [Sakai et al., 1998]. Discrepancies between our results
and those of others may be partly because that most studies
have examined trial-and-error learning, where early learn-
ing stages emphasize utilization of feedback to formulate a
representation of the sequence. In our study, subjects learn
the visuomotor and spatial mappings of individual key
presses and at the same time, begin to integrate this infor-
mation into higher-level programs that represent entire se-

quences, which allows for automatization of the movement
sequences.

Discrepancies among our study and others may also be
due to differences in what subjects are learning. Our probes
for what subjects learned showed that visuomotor and spa-
tial learning were supported by some distinct neural sys-
tems. Moreover, increased activity in some of these systems
correlated with increased RT, but not MT, indicating that the
transfer conditions interfered with the neural representation
of plans for the sequences, but not processes that controlled
their implementation. We now turn to a discussion of the
patterns of brain plasticity associated with performance dur-
ing different stages of learning and the neural systems that
support representations of specific knowledge in our task.

Plasticity During Early Learning

Although early learning was characterized by plasticity in
distributed cortical regions, only a subset was associated
with improvements in MT, but not RT. This subset of re-
gions could be separated further into those that receive
visual input from the ventral and dorsal streams involved in
stimulus identification and spatial processing for action,
respectively [Goodale and Milner, 1992]. In the ventral
stream, activation increased with practice in the left lingual
gyrus, which plays a fundamental role in letter processing

TABLE II. Regions showing learning-related changes in MR signal intensity with extended practice

Region (BA)

Left hemisphere

Region (BA)

Right hemisphere

Talairach
coordinates

Volume
(�l)

r
RT

Talairach
coordinates

Volume
(�l)

r
RTx y z x y z

Decreased intensity
Frontal lobe
[1] Middle frontal (10) �25 38 15 429 [10] Middle frontal (9, 10) 22 26 18 1,139
Parietal lobe
[2] Precuneus (7) �17 �73 38 525 0.74 [11] Precuneus (7) 21 �67 35 1,506
[3] Inferior parietal (40) �39 �49 44 871 0.68 [12] Inferior parietal (40) 35 �40 39 746 0.73
[4] Postcentral (2) �59 �13 18 218
Occipital Lobe
[5] Inferior occipital (18) �28 �85 0 229
Subcortical
[6] Caudate �12 3 8 247 0.80 [13] Caudate 11 8 10 1,318 0.67

[14] Thalamus (DM) 11 �16 13 313 0.66
Cerebelluma

[7] Lobule V (vermis) �5 �61 �25 481 0.80
[8] Lobule V �20 �55 �24 231
[9] Peduncle �14 �43 �33 309 0.70

Increased intensity
Parietal lobe
[15] Angular gyrus (39) �50 �58 25 280 [17] Angular gyrus (39) 44 �58 24 375
Occipital lobe
[16] Cuneus (18) �10 �96 19 522

Numbers in brackets refer to locations of activation foci in Figure 6. Tabled correlations are based on an � level of P � 0.001.
a Regions identified using the atlas of Schmahmann et al. [2000]. BA, Brodmann area.
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[Polk et al., 2002] and decreased with practice in the left
inferior frontal cortex (BA 44), which is involved in verbal
working memory [Paulesu et al., 1993]. These two intercon-
nected regions are part of a sensory knowledge and identi-
fication network [Rushworth, 2000]. Altogether, this pattern
of plasticity suggests that with practice, the rehearsal of
individual letters declines as the execution of movements
becomes increasingly more proficient. The lingual gyrus
then begins to play a greater role, perhaps because letter
strings start to be recognized as whole sequences.

We observed learning-related decreases in activation bi-
laterally within dorsal visual stream projections to the pari-
etal cortex, which correlated with improvements in MT only
in the right hemisphere. Learning-related decreases in the
right superior parietal cortex suggested that attention to
extrapersonal spatial information [Ungerleider and Haxby,
1994] gradually diminished in the early stage of learning as
subjects became familiar with the keyboard. We also found
learning-related decreases in bilateral inferior parietal cortex
activation, in keeping with its broad role in integrating
sensation for action [Kalaska et al., 1997], but again plasticity
correlated with improved MT only in the right parietal
cortex. Studies in humans underscore the lateralized roles of
the inferior parietal regions, with the left controlling move-
ment [Haaland and Harrington, 1996; Haaland et al., 2004],
and the right involved in spatial and temporal attention
[Harrington et al., 1998; Posner et al., 1984; Rao et al., 2001].
This leads us to speculate that attention to salient spatial and

temporal relationships among individual finger movements
is especially important early in learning to develop an inte-
grated representation of the sequence as a whole.

Prefrontal areas also showed plasticity primarily during
early stages of learning. Learning-related plasticity in only
the lateral and medial motor areas correlated with MT,
however, suggesting that these regions mediate the control
of movements represented in the parietal cortex. Bilateral
plasticity in the dorsal premotor cortex (PMd) correlated
with MT. PMd exhibits greater sequence-specific activation
than does ventral premotor cortex [Kettner et al., 1996]. In
addition, activation in PMd is greater when movement se-
quences are more complex and less predictable [Dassonville
et al., 1998; Harrington et al., 2000]. One proposal is that
PMd plays a role in selection and retrieval of action plans
from the parietal cortex. This proposal is compatible with its
correlation with MT in early stages of learning. Plasticity in
the SMA proper is also correlated with MT, likely reflecting
the role of this region in online planning of sequential move-
ments [Rao et al., 1993].

In contrast to the above results, learning-related increases
in activation were observed in two medial motor areas, the
anterior and posterior cingulate. In the posterior cingulate,
activation was initially at baseline and then increased with
practice. In contrast, the anterior cingulate showed deacti-
vation initially with a gradual increase to baseline. It is
possible that this pattern represents a high tonic level of
activity in the anterior cingulate during the earliest learning

TABLE III. Common regions showing increased MR signal intensity for transfer conditions

Region (BA)

Left hemisphere

Region (BA)

Right hemisphere

Talairach
coordinates

Volume
(�l)

r
RT/MT

Talairach
coordinates

Volume
(�l)

r
MT/RTx y z x y z

Frontal lobe
Premotor (6) �36 �3 44 2,035 0.64 Premotor (6) 35 0 46 1,553
SMA (6) �5 7 51 643 SMA (6) 5 8 51 731 0.58
Middle frontal (9) �45 13 30 1,705 Middle frontal (9) 38 13 35 453 0.56

Middle/inf frontal (10/45) 23 32 17 905
Cingulate cortex

Anterior cingulate (24, 32) �7 11 39 964 Anterior cingulate (24) 6 8 42 412
Parietal lobe

Superior parietal (7) �29 �64 46 986 Superior parietal (7) 18 �63 46 3,331
Inferior parietal (40) �38 �47 43 1,081 0.59 Inferior parietal (40) 40 �43 47 1,374

0.63
Occipital lobe

Middle occipital (18/19) 28 �82 18 2,075
Superior occipital (19) 31 �76 38 716
Cuneus (17) 10 �83 9 226

Subcortical
Caudate 13 11 9 616

Cerebelluma

Lobule VI �13 �62 �22 882

Tabled correlations for common regions are based on P � 0.001. Bolded numbers designate correlations between peak activation and RT;
italicized numbers designate correlations between peak activation and MT.
a Regions identified using the atlas of Schmahmann et al. [2000].
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runs, such that a relative deactivation is observed. As the
task becomes more automated, the tonic level of anterior
cingulate activation during the baseline period may decline
and thus eliminate the relative deactivation. Although it is
not known why the anterior cingulate might show higher
baseline activity than the posterior cingulate, both areas are
thought to monitor signals from interconnecting brain re-
gions to facilitate correct and suppress incorrect responses
[Awh and Gehring, 1999]. This suggests that as subjects
come to recognize the sequential order of finger movements
in early stages of learning in our study, cingulate motor
areas begin to take on a greater role in monitoring and
suppressing incorrect movements, thereby facilitating MT
[Naito et al., 2000]. However, extended practice does not
continue to have an effect on activity in the cingulate areas,
suggesting that processing in this region is optimized
quickly and then sustained.

Plasticity During Later Stages of Learning

Extended practice resulted in additional decreases in in-
ferior parietal cortex activation bilaterally, but plasticity in
the precuneus, caudate nuclei, thalamus, and cerebellum
also emerged. Unlike early learning, plasticity in all of these
regions correlated with RT but not MT. These results are

compatible with theories that assume sequence learning
evolves from online planning of individual responses to
advance planning of the entire sequence of responses rep-
resented as an integrated unit [Rosenbaum et al., 1984]. This
proposal would suggest that activity should decline in areas
important for retrieval once sequences are learned due to the
reduced demands on memory storage from consolidating
sequential responses into higher-level representations. In-
deed, the inferior parietal cortex is activated during the
recall of temporal sequences [Penhune and Doyon, 2002],
consistent with its hypothesized role in storing higher-level
integrated sensorimotor representations. Similarly, after ex-
tended practice we observed declining activity in an area
closely associated with episodic memory retrieval, the left
precuneus [Fletcher et al., 1996], which also correlated with
RT, in keeping with the role of this area in retrieval.

Most cortical regions comprising the dorsal action system
described above are thought to relay information by way of
the thalamus to the basal ganglia, both of which showed
plasticity after extended practice. The basal ganglia have
been implicated widely in skill learning, although their pre-
cise role is not known [Grafton et al., 1995, 1998; Hikosaka et
al., 1996; Jueptner et al., 1997a; Knowlton et al., 1996; Sakai et
al., 1998; Toni and Passingham, 1999]. Although many stud-

Figure 7.
Transfer phase (Day 2). Results of paired t-tests comparing old
condition with the new sequence and new map conditions (P
� 0.005). Regions uniquely activated by the new sequence and
new map conditions are shown in red and blue, respectively

(numbers correspond to areas in Table IV). Areas in green were
active in both transfer conditions (Table III). Regions were con-
sidered commonly activated if adjacent regions were located
within a 12 mm sphere of each other.
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ies have not found plasticity in the basal ganglia [Hazeltine
et al., 1997; Hikosaka et al., 1996; Jenkins et al., 1994; Sakai et
al., 1998], our results suggest that this may be due to insuf-
ficient training of a skill, because plasticity emerged only
after extended practice in our study. Importantly, our learn-
ing-related decreases in caudate activation strongly corre-
lated with RT, a measure of advance planning. Several lines
of research suggest that the basal ganglia are involved inte-
grally in planning actions [Dagher et al., 1999; Harrington
and Haaland, 1991; Postle and D’Esposito, 1999], which are
represented in and controlled by interconnecting inferior
parietal and prefrontal cortical areas [Cavada and Goldman-
Rakic, 1991; Middleton and Strick, 2000]. We propose that as
action plans become consolidated into integrated units and
working memory demands drop off, activity in the caudate
also declines because these events require less planning.

Our proposal contrasts with the view that basal ganglia
activity should increase with practice [Doyon et al., 2003]
due to its role in automatization of performance. One diffi-
culty with this model is that automaticity could be indicated
by reduced rather than increased brain activation, because
fewer cognitive resources are engaged [Wu et al., 2004]. In
addition, different patterns of striatal plasticity likely de-

pend upon what subjects learn in early and later stages of
practice. This issue is relevant to a model that suggests
plasticity in the putamen and caudate can differ due to the
different functional roles of their interconnecting cortical
circuits [Hikosaka et al., 2002]. For example, muscimol in-
jections in the anterior striatum (associative circuit) of the
monkey disrupt learning of a new spatial sequence, whereas
injections in the posterior striatum (motor circuit) disrupt
the execution of well-learned sequences [Miyachi et al.,
1997]. By analogy, early stages of practice in our task also
emphasize learning visuomotor and spatial properties of
sequences, which may explain the greater activity in the
caudate, premotor, and parietal circuits relative to the ex-
tended practice phase. Although plasticity in the putamen
was not observed in our study, the presentation of entire
sequences may have minimized planning “which” move-
ments to select in our task. This proposal points to the need
for models of motor-skill learning that consider both the
functional specificity of corticostriatal circuits, and “what” is
learned as a skill becomes increasingly more proficient.

Like the basal ganglia, the cerebellum is also well situated
to participate in learning given the interconnections of the
dentate nuclei with the prefrontal and parietal cortices [Dum

TABLE IV. Distinct regions showing increased MR signal intensity in the new sequence and new map conditions

Region (BA)

Left hemisphere

Region (BA)

Right hemisphere

t

Talairach
coordinates

Volume
(�l)

r
RT t

Talairach
coordinates

Volume
(�l)

r
RTx y z x y z

New sequence
(visuomotor learning)

Frontal lobe
[1] SMA (6) 5.1d �12 �10 52 242 [7] Premotor (6) 2.2a 19 �5 57 617
[2] Premotor (6) 3.6c �23 �17 55 216 [8] Inferior frontal (44) 1.9a 50 9 21 273
[3] Middle frontal (10) 3.1c �31 43 19 437
Cingulate cortex

[9] Anterior cingulate (24) 3.3c 11 �16 36 204
Occipital lobe
[4] Inferior occipital (18) 2.6c �23 �89 �8 521 [10] Middle occipital (18) 4.2c 26 �84 �7 916

2.1a �37 �83 �2 369 0.63 [11] Inferior occipital (18/19) 2.9c 37 �68 �2 334
[12] Middle occipital (19) 3.7c 49 �75 9 452

Subcortical
[5] Thalamus (VPL) 3.7c �15 �16 4 583 0.60g [13] Thalamus (DM) 1.7a 8 �21 12 689
[6] Caudate 2.5b �9 8 14 341 0.56g

Cerebellumh

[14] Lobule VI 2.4b 37 �48 �23 700
[15] Lobule IV 2.9c 22 �27 �30 270

New map (spatial learning)
Parietal/occipital lobe
[16] Sup occipital (19) 	

Precuneus (31) �1.7e �27 �74 25 689 0.51f

Numbers in brackets refer to locations of unique activation foci in Figure 7.
a P � 0.05; b P � 0.025; c P � 0.01; d P � 0.001; e P � 0.054; paired t-tests comparing the magnitude of the fMRI signal (transfer condition
minus familiar condition) between the two transfer conditions.
f P � 0.01; g P � 0.005 for unique regions, correlations are also displayed for those that approached significance.
h Regions identified using the atlas of Schmahmann et al. [2000].
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and Strick, 2003]. Although we observed a reduction in
cerebellar activation during early learning, it was only after
extended practice that continued declines in activation cor-
related with improved RT, but not MT. Insight into the
functional role of the cerebellum in learning was provided
recently by Seidler et al. [2002], who showed that the cere-
bellum did not contribute to motor-sequence learning per se,
but instead to the expression of a skill. In this study, cere-
bellar plasticity was not seen when performance improve-
ments were suppressed across practice trials by a distractor
task. Upon removal of the distractor task, however, subjects
showed evidence of sequence learning (reduced RT) that
correlated with increased cerebellar activation. One expla-
nation for our results and those of Seidler et al. [2002] is that
the cerebellum plays a subsidiary role in planning [Horwitz
et al., 2000], perhaps by enhancing sensory or cognitive
input from the cerebral cortex [Bower, 1997; Desmond et al.,
1997], thereby enabling the detection and correction of
visuomotor errors [Flament et al., 1996; Jueptner et al., 1996].
In contrast to others [Doyon et al., 2002], however, learning-
related activation in our study shifted from the cerebellar
hemisphere ipsilateral to movement during early learning to
the contralateral side after extended practice. One specula-
tion is that declining activity in the right (ipsilateral) cere-
bellum during early stages of learning in our study may be
due to a relatively quick optimization of sensorimotor input
from the left hemisphere, which is biased for controlling
movement [Haaland and Harrington, 1996]. In contrast, de-
clining activation of the left cerebellum after extended prac-
tice might reflect the more gradual adjustments that take
place for monitoring right hemisphere processing, which in
our task may relate to planning spatiotemporal properties of
the entire sequence.

Neural Systems Underlying Visuomotor and
Spatial Learning

Changing the visuomotor properties of sequences or their
spatial mapping during the transfer conditions increased
activity in the same networks that evidenced plasticity dur-
ing the learning phases of the study. These common regions
likely represent processing that is similar between the two
transfer conditions, such as increased visual analysis of stim-
uli, increased motor attention and planning, and inhibition
of overlearned responses to the familiar sequences. Unlike
early and later stages of learning, however, RT positively
correlated with activation in the right middle frontal cortex
(BA 9), suggesting that both transfer conditions increased
the time to search working memory for subprograms nec-
essary for planning ahead individual movements. Likewise,
performance correlated positively with activation in the left
inferior parietal (RT and MT), premotor (RT), and right SMA
(MT), indicating that behavioral expressions of learning
were associated with networks involved in representing and
retrieving actions and controlling them online.

The unique areas of activation in response to the visuo-
motor and spatial probes support the hypothesis that disso-
ciable neural systems associated with different processes

mediate learning of a new visuomotor sequence with differ-
ent allocentric spatial coordinates. Although probing for
visuomotor learning involved switching the order of only
the last two letters in a sequence, this produced increased
activity in distributed systems within the left and right
hemispheres. Probing for spatial map learning had a more
disruptive effect on RT, but produced only one focus of
unique activation. These findings indicated that unique ar-
eas of activation were not simply related to the differences
between the transfer tasks in performance difficulty or ret-
roactive interference.

Visuomotor learning

Probing for visuomotor learning increased activity in
some unique regions, including frontal areas related to ex-
ecutive working memory functions (left BA 10) and mainte-
nance of spatial working memory (right BA 44) [Fletcher and
Henson, 2001]. Although activity in these areas did not
correlate with performance, RT was associated positively
with activity in the left inferior occipital cortex. This result
may suggest that the ventral visual pathway participates in
a higher-level visual analysis of the new sequence rather
than simply the individual letters [Polk et al., 2002], because
the new sequences comprised the same letters as familiar
ones. The migration of attention from the individual parts to
the whole sequence might develop through top-down bias-
ing of attention in other cortical regions responsible for
consolidating action plans, such as the parietal cortex [Mo-
ran and Desimone, 1985]. An alternative possibility is that
the inclusion of new letter sequences in this condition re-
quired more visual inspection than that in the familiar con-
dition.

Although our results show that the right caudate is in-
volved in learning both visuomotor and spatial regularities
of sequences, visuomotor learning was uniquely associated
with activity in the left caudate, which correlated with RT, in
agreement with its role in planning [Harrington and Haa-
land, 1991]. Changing the serial ordering of letters in the
sequence, as we did to probe for visuomotor learning, in-
creased the time it took to plan sequences. The dominant
role of the left caudate might be a reflection of planning the
serial ordering of movements [Aldridge and Berridge, 1998;
Kermadi and Joseph, 1995], which are represented largely in
the left hemisphere [Haaland and Harrington, 1996]. This
hypothesis is consistent with the correlation between RT and
activation in the left thalamus, which completes the striato-
thalamocortical loops necessary for basal ganglia–cortical
interactions in the left hemisphere. The thalamus also sup-
ports cerebellar–cortical interactions, which is relevant to
sequence-specific activation found in Lobule VI of the ipsi-
lateral (right) cerebellum for the new sequence condition.
Due to its connections with frontal cortex [Middleton and
Strick, 1998], expressions of learning in the right cerebellum
may reflect the increased need to monitor enhanced execu-
tive working memory functions of the left middle frontal
cortex (BA 10) when the serial ordering of learned sequences
is changed [Desmond et al., 1997]. This kind of mechanism
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seems to play a more subsidiary role in the expression of
learning [Seidler et al., 2002], as increased cerebellar activity
when probing for sequence-specific learning did not corre-
late with planning time.

Spatial learning

Probing for spatial learning produced unique activity in
the left superior occipital cortex and the precuneus. These
results show that changing the keyboard mapping amplified
the demands on allocentric spatial processing, thereby in-
creasing activation in systems critically related to this func-
tion. This is consistent with the role of the precuneus in
motor imagery [Stephan et al., 1995] and visual imagery
during encoding and episodic memory retrieval [Fletcher et
al., 1996]. Likewise, the findings are in keeping with the role
of the dorsal visual pathway in mediating visuomotor trans-
formation processes [Ungerleider and Mishkin, 1982]. The
correlation of RT with activation in these regions further
supports their preeminence in planning spatial information.

CONCLUSIONS

The present results underscore the importance of studying
skill learning over extended practice. Not only did perfor-
mance continue to improve across 5 days of practicing the
sequences, but different time courses of plasticity were un-
covered in the central nervous system. These findings have
implications for understanding the time course of learning
different types of knowledge as individuals become increas-
ingly proficient at performing a skill. During early stages of
learning, stimulus identity networks and systems involved
in controlling movements online exhibited relatively rapid
changes in activity, which then stabilized. This contrasted
with changes in the inferior parietal cortex, which began
early and continued throughout the course of practicing the
sequences. Plasticity in this region, which initially correlated
with MT and then correlated with RT after extended prac-
tice, seemed to reflect the greater experience required for
consolidating sequential movements into integrated repre-
sentations of actions. Plasticity emerged in yet other regions
only after 5 days of practice. We found evidence that was
consistent with the involvement of the caudate nucleus and
the cerebellum in planning sequential movements.

Through the use of transfer conditions, we demonstrated
that acquisition of knowledge about two different properties
of learning was supported by neuroanatomically dissociable
systems. The distinction between mechanisms that support
visuomotor and spatial learning has been grounded in be-
havioral dissociations between these two forms of knowl-
edge representation. Our study extends this work by sug-
gesting that visuomotor learning was dependent especially
upon systems involved in a visual analysis of stimulus ele-
ments (inferior visual cortex) and advance planning (cau-
date nucleus). In contrast, spatial learning was supported by
systems involved in visuomotor transformation processes
(dorsal visual pathway) and visual imagery at episodic
memory retrieval (precuneus).
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