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Abstract

During sensorimotor skill acquisition, early learning of the required neuromuscular
pattern and sensorimotor mappings is followed by an intermediate stage of gradually
increasing consistency and efficiency of execution, which gives way, with persistent
practice, to the later stages of automatization. It has been suggested that the inter-
mediate stage is distinguished by refinements in the background sensory corrections
that support, stabilize and smoothen the fine motor adjustments required by the
new coordination. While the later stages of motor refinement are thought to be
sub-cortically organized, the neurophysiology of the proposed sensory learning com-
ponent in the intermediate stage is not well understood. During explicit learning of
a visually cued finger-tap sequence, the present research used fMRI to isolate those
cortical activations that were significant in the immediate post-learning phase, but
were not also observed during the corresponding pre-learning phase. Such exclu-
sively post-learning activation occurred significantly more in visual and somatosen-
sory association areas, than in primary somatosensory or primary and secondary
motor areas. These results show that the intermediate stage of skill acquisition has a
significant sensory learning component, and that the process has observable cortical
correlates.
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1 Introduction

During the acquisition of a sensorimotor skill, progress from the hesitant, in-
accurate and inconsistent performance of the novice to the smooth, accurate
and reliable execution of the expert is thought to occur in several identifiable
stages [1–3]. In both Bernstein’s [1] and Fitts’ [2] classic theories, three stages
are proposed. In the early phase, the learner gets acquainted with the essential
nature of the required coordination (i.e., the correct sequence of what needs
to be done). During this phase, there are explicit analyses of performance and
consciously introduced changes in execution, and the task requires dedicated
attention. Once the basic form of the task has been learned, learning goes
through an intermediate phase of reducing performance variability, and in-
creasing consistency and stability of coordination. The final stage of learning
occurs over prolonged, persistent practice, whereby the attention and effort
required at execution time is markedly diminished – a process referred to as
automatization – and the neural support for the coordination is thought to
become mostly sub-cortical in organization [4,5].

The present study was concerned with the suggestion that the intermediate
stage of learning is distinguished by refinements in the background sensory
corrections that are necessary to support, stabilize and smoothen the fine mo-
tor adjustments required by the new coordination. A key feature of skilled
motor coordination is its resistance to perturbation. Execution-time pertur-
bations can originate externally or internally. External sources include me-
chanical disturbances such as collisions or perceived imminent onset of such
disturbances. Internal perturbations include effects of physiological noise or
conduction delays on the unfolding sequence of motor neuron activations. The
role of background sensory corrections is to detect perturbations at execution
time and adaptively alter motor neuron activation patterns to keep the coor-
dination stable and smooth [6,1,3]. Learning to identify coordination-relevant
perturbations, and how these may affect performance, is an involved process
– conduction time delays involved in perceptual information-gathering mean
that corrections to motor neuron activations based upon such information
must be anticipatorily applied. Yet, this process is fundamentally important
in becoming skilled at a motor task. Before this intermediate-level learning
takes place, modulations of motor neuron activations often require conscious
intervention, and performance does not attain speed, smoothness or stability.

This view of intermediate learning has its origin in observed patterns of be-
havioural data [1–3], but its neural basis remains unspecified. Neurophysiolog-
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ical studies of motor learning have tended to focus more broadly on either the
differences in neural organization between the pre- and post-learning phases
of performance [7–13], or the organizational changes that accompany the time
course of learning [14,15]. The sensory corrections hypothesis predicts that,
in the time period immediately following the early stage of learning (i.e., ac-
quisition of the basic form of the required motor sequence), mappings between
motor sequence generation and its various perceptual correlates would be ac-
quired. As such, for a visually guided tapping task, for example, it should be
possible to observe patterns of neural activity in visual and somatosensory as-
sociation areas that were not also present in the early stage of learning. Several
recent studies on (explicit) motor-sequence learning have reported practice-
dependent activity in the parietal region [9,14,11,16,15], while others have
reported greater parietal activity during novel motor-sequence learning com-
pared to performance of well-learned sequences [10,12,13]. Even though this
evidence does point to the existence of heightened visual and somatosensory
association area activity during the time course of skill learning, it remains un-
clear whether this is specifically a characteristic of an identifiably intermediate
stage that follows the early stage of learning.

The present study used explicit learning of a visually cued finger-tap sequence
to address this question. A sequence of key presses across multiple fingers is
a common everyday skill (e.g., typing), but the process of learning to rapidly,
accurately, and smoothly generate such sequences presents many of the chal-
lenges involved in more complex coordinations. Performing this task involves
accurate phasing of time-overlapped waves of motor neuron activity across
the involved fingers. Since relative timing is crucial, perturbations (e.g., due
to physiological noise) to motor neuron activity at one location may need
to be counteracted by rephasing of activity at multiple locations and time
points. In the visually cued version of the task used here, completion of each
key press generates visual feedback. Somatosensory feedback is, however, con-
siderably richer as it is modulated by nearly continuous changes in pressure
applied by the fingers on the keys. Once the sequence of required key presses is
memorized during early learning, further improvements in speed and stability
of performance during the intermediate phase involve learning to accurately
detect relative phase (and its deviations) and effect subtle changes in motor
neuron activity as a function of these deviations.

Thus, during explicit learning of a visually cued finger-tap sequence, we used
fMRI to isolate, for each individual participant, those cortical activations that
were significant in the period immediately following the early learning phase,
but were not also observed during the early phase itself. For each participant,
the end of the early learning phase (and the start of the intermediate phase)
was defined as the point beyond which the participant showed perfect recall of
the required sequence of finger-taps. The specific hypothesis we tested was this:
If there does exist an intermediate stage of learning that is distinguished from
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the early phase by the refinement of background sensory corrections, then the
intermediate-stage activations we isolated would be localized particularly in
the occipital-parietal-temporal association areas. Thus, activations specific to
the intermediate stage would not occur mostly in primary and secondary motor
and somatosensory regions, as would be the case in early learning. The regions
of interest included primary and secondary motor and somatosensory areas,
where early learning activity would be expected, and the occipital-temporal
and parietal-temporal association areas (Fig. 3), where, by hypothesis, activity
specific to the intermediate stage of skill acquisition would be concentrated.
Acquisition of explicit sequence recall, as required in the task used here, has
been associated with increasing pre-frontal activity that is thought to reflect
a working memory process [17]. Tertiary motor areas of the prefrontal cortex
were, therefore, also included in the analysis.

The physiological changes expected in the transition to late-stage learning were
not of particular interest in this study because the duration of single-session
learning used here was too short for late-stage learning to occur. However, we
still tested post-learning brain activations for habituation effects that would
signal late learning processes.

2 Methods and Materials

The task resembled the well-known serial reaction time (SRT) task, and in-
volved explicit learning of a single sequence of 10 taps across four digits of the
dominant, right hand (e.g., 2-3-2-1-4-1-3-4-2-4). Participants were told that
they would be repeatedly presented with the same sequence of 10 finger taps,
and their task would be to learn to reproduce the sequence as accurately and
quickly as possible. They were told that throughout the session, each presen-
tation of the sequence would be followed by a test of recall.

The four digits of the participant’s right hand rested on four buttons of a key-
pad. On the viewing screen, a motif of a right hand remained visible through-
out the 19.2 minute scanning session. The session contained alternating REST,
LEARN, and TEST blocks, each lasting 12 s, and cycling throughout in the
order REST-LEARN-REST-TEST. During the 12 s REST blocks, only the
hand motif appeared and the participant was instructed to simply look at
it. In each LEARN block, the sequence of 10 finger-presses was visually cued
by a sequence of green dots appearing above the fingers to be tapped. The
interval between successive cues was 1.2 s. During the TEST blocks, a green
dot was present above all the four digits of the hand motif. As the partic-
ipant reproduced the learned sequence by tapping the keypad buttons, the
green light corresponding to each tap blinked to confirm which button had
been pressed. Participants were instructed to ‘soldier’ through the sequence
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(or the portion of it they remembered) as many times as they could during
each 12 s TEST block. A novel tapping sequence was generated randomly for
each participant, and a total of 9 right-handed, male participants were tested
(in accordance with the guidelines and permit of the Institute of Psychiatry’s
ethics committee for research).

Functional MR imaging was performed on a 1.5T GE Signa-LX system. The
fMRI and 3D anatomical reference images were acquired in an axial orienta-
tion, prescribed from an initial sagittal localizer scan. Single-shot, gradient-
echo, echo-planar MR images covering the whole head were acquired repeat-
edly over the 20 minute task session. Scanning parameters for the EPI data
were: 16 slices, 7 mm thick, 0.7 mm slice separation, 24 cm FOV, 64 x 64
matrix, repetition time (TR) of 3 s with data acquisition centred at an echo
time (TE) of 40 ms. For each participant, a total of 388 image volumes were
acquired over 19.2 min. A high resolution, anatomical reference scan consist-
ing of a 124 slice 3D IR-SPGR sequence at the same FOV as the fMRI scan
was also acquired. The sequence parameters were: TR 15.9 ms, TE 5.2 ms,
inversion time 300 ms, slice thickness 1.5 mm, and a 256 x 192 imaging matrix.

Data preprocessing and GLM-based analysis was performed using SPM99b [18].
The image data were first realigned to minimize head motion between scans.
The high-resolution structural MR image (3D IR-SPGR) was then aligned to
the mean of the T2* weighted functional images which were then spatially
normalized to the MNI template [7]. The functional data were then smoothed
using a Gaussian smoothing kernel of 5 mm at FWHM to improve the SNR and
‘condition’ the data to conform more closely to the Gaussian field model [18].

Experimental conditions were modelled using a box-car design (Fig. 2) and
a linear least-squares regression was performed using a time-locked square-
wave function convolved with an estimated haemodynamic response function
in the standard way on the pre-processed data. Over the course of each partic-
ipant’s session, the REST-LEARN-REST-TEST cycle of the 10-tap sequence
was presented 24 times. Each participant’s LEARN (and TEST) sequences
were then divided into a PRE-LEARN (PRE-TEST) and a POST-LEARN
(POST-TEST) phase at the point where the participant began to reproduce
the entire 10-tap sequence correctly during TEST (Fig. 2). Across the 7 par-
ticipants who succeeded in learning their sequence, this occurred after 3 to 14
repetitions of the REST-LEARN-REST-TEST cycle (Fig. 1A). The POST-
LEARN (and POST-TEST) phase was further subdivided into periods of 6
presentation cycles each (e.g., POST-LEARN1, POST-LEARN2; see Fig. 2) to
allow testing for any habituation effects. Due to the different times at which
participants learned the sequence, data for only the first 2 POST-LEARN
(and POST-TEST) periods were available for all participants. The effects
of interest were POST-LEARN1 and POST-LEARN2 each masked by PRE-
LEARN, and POST-TEST1 and POST-TEST2 each masked by PRE-TEST.
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In each case, an exclusive mask was applied using a Z threshold of p < .25
on the PRE-LEARN (or PRE-TEST), followed by an SPM{Z} threshold at
p < .0025 (Fig. 4). This exclusive masking removed all voxels that also reached
the default level of significance in the respective masking contrast (i.e., in
PRE-LEARN or PRE-TEST).

In view of the different learning speeds across participants, SPM results of
participants were not averaged. For each participant, we grouped the signif-
icant voxel activations (i.e., above the SPMZ score p < .0025) during PRE-
LEARN, PRE-TEST, POST-LEARN1, POST-LEARN2, POST-TEST1 and
POST-TEST2, in each hemisphere, into six functional regions of interest: pri-
mary motor (Brodmann Area 4), secondary motor (BA 6, 8, 44), tertiary
motor (BA 9, 10, 11, 45, 46, 47), primary somatosensory (BA 1, 2, 3), parieto-
temporal association (BA 7, 22, 39, 40), and occipito-temporal association
(BA 18, 19, 20, 21, 37), using the Talairach coordinates of SPM activation [19].
The Talairach daemon provided Brodmann area labels with a spatial accuracy
within a 5 mm voxel size. Each activation was binned to the nearest region if
within a 5mm radius.

3 Results and Discussion

3.1 Summary of Results

Seven out of 9 participants learned to accurately produce the assigned se-
quence within the 24 presentation cycles. Across these participants, perfect
recall of the sequence occurred after 3 to 14 presentation cycles (Fig. 3). Anal-
ysis of tapping latencies showed that, in the LEARN condition, tapping laten-
cies reduced significantly only over the first quarter of the session, whereas,
in the TEST condition, participants kept getting faster over the entire ses-
sion (Fig. 1B). Analysis of cortical activations exclusive to the intermediate
learning phase showed significantly more activation in the parieto-temporal
and occipito-temporal association areas than in the primary motor and pri-
mary somatosensory areas. Activation in the pre-frontal tertiary motor areas
was marginally greater than in the primary motor and somatosensory areas.
When LEARN and TEST condition activation data were analysed separately,
these effects were significant in the TEST but not in the LEARN condition.

6



3.2 Behavioural Data

As indicated in Figure 1A, response latencies in both LEARN and TEST
conditions reduced over the course of the session. In order to quantitatively
evaluate tapping latencies, the 24 LEARN and TEST blocks were grouped into
4 periods of 6 blocks each (see Fig. 1B), and a 2 (condition: LEARN, TEST) ×
4 (period) within-subjects, repeated measures analysis of variance (ANOVA)
was performed. The main effect of condition was significant (F(1,6) = 15.99,
p < .05; TEST latencies were longer). The main effect of period was also
significant (F(3, 18) = 63.77, p < .05; participants became faster with time),
as was the condition × period interaction (F(3, 18) = 3.52, p < .05; response
latency reduced more sharply and consistently in the TEST condition). Means
comparisons showed that, in the LEARN condition, latency in the first period
was significantly greater than in any of the next three (p < .001), but latencies
in the later periods did not differ significantly from each other. In the TEST
condition, latencies in each of the four periods differed from the others (p <
.01). Note that the above grouping of LEARN and TEST cycles into 4 periods
(Fig. 1B) was solely for the purpose of analyzing tapping latency data. These
periods are unrelated to the division of each participant’s session into one pre-
and two post-learning periods (Fig. 2), as used below in analyses of cortical
activation data.

3.3 Imaging Data

Pooling the LEARN and TEST data together, 2(learn/test)× 2(post-learn1/post-
learn2) × 2 (left/right hem) × 6 (regions of interest) within-subjects, repeated-
measures analysis of variance (ANOVA) was performed to analyze the distri-
bution of activated voxels that survived exclusive masking across the regions of
interest. Only the main effect of regions of interest was significant (F(5, 30) =
3.652, p < .05). Fisher’s protected least significant difference (PLSD) post-hoc
test showed that the number of activated voxels in the occipito-temporal and
parieto-temporal association regions were both significantly greater (p < .05),
and in the tertiary motor region marginally greater (p < .06), than in either
the primary motor or primary somatosensory regions (Fig. 3). The number of
activated voxels in the secondary motor region was significantly smaller than
in the occipito-temporal association region, but no other pairwise differences
in activation between the regions of interest were significant. When LEARN
and TEST data were separately subjected to 2(post-learn1/post-learn2) × 2
(left/right hem) × 6 (regions of interest) within-subjects, repeated-measures
ANOVAs, it was found that all the above effects were significant in TEST,
but none was significant in LEARN.
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These results show that, in the period that immediately followed the start of
correct reproduction of the tapping sequence, there was significant activation
in the visual and somatosensory association areas that did not also occur in
the period before the required motor sequence had been learned. Our method-
ology allowed for individual differences in the time it took for correct repro-
duction of the sequence to begin. While the exclusive masking procedure left
little primary and secondary motor, and primary somatosensory, activation
unique to the post-acquisition period, there was significant such activation in
pre-frontal tertiary-motor, and parieto-temporal and occipito-temporal asso-
ciation regions. Notably, this effect was statistically significant in the TEST
conditions in which participants reproduced the learned sequence from mem-
ory (with visual feedback of results but not errors), but not in the LEARN
conditions in which participants were being visually led through the sequence.

In the post-learning phase, the same sequence of motor activity was executed
in both the LEARN and TEST conditions. However, in the LEARN condi-
tion, participants continued to passively follow the visual cue for each key
tap, whereas, in the post-learning TEST condition, they were generating the
sequence from memory. One explanation for significantly greater association
region activation in TEST but not in LEARN could be that the association
region activations that are exclusive to the post-learning phase are linked more
strongly to the spontaneous generation of a newly learned skill than to the
act of performing the movements of the skill per se. In the LEARN condition,
the key coordination is between the visual onset of cues and their correspond-
ing taps. Quick responding to visual cues, even for familiar sequences, is likely
not nearly as dependent upon the relative phasing of motor neuron activations
across the four fingers as is the spontaneous generation of the same sequence.
As discussed earlier, accurate detection of relative phase and its deviations,
and applying changes to motor neuron activations as a function of these devi-
ations, is likely to be the main role of background sensory corrections in this
task. If so, we would expect association region activations exclusive to the
post-learning phase to be greater in the TEST than in the LEARN condition.

Even though the 10-tap sequence was not a particularly difficult task to learn,
as shown in Figure 1, the skill acquisition process was far from complete
once the sequence itself had been memorized – average tapping latency in
the TEST condition continued to fall in nearly linear fashion well past the
point of sequence-memorization. Thus, the post-learning phase studied here
preceded the late stage of skill acquisition during which task performance be-
comes fluent and relatively effortless, and performance improvements, if at all
detectable, slow down considerably. Here, it is worth noting that the absence
of significant effects involving the two stages of post-learning practice suggests
that habituation [17] did not play a role over the time-scale studied here. We
conclude, therefore, that the post-learning association cortex activations iso-
lated by our exclusive-masking procedure belong to an intermediate stage of
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skill acquisition during which the background sensory corrections required to
stabilize and automate the new coordination are acquired. Our results also
suggest that the cortical network subserving online sensory corrections may
develop mostly when practicing an already learned task, rather than during
learning itself.

Fig. 1. Schematic of the tap-sequence learning task and determination of experimen-
tal conditions for two representative participants. Each participant received a total
of 24 LEARN and TEST blocks in the order shown (REST-LEARN-REST-TEST).
Each block lasted 12 s. For each participant, the starting point for perfect recall
differed (e.g., after 7 presentation cycles for the top, and 9 cycles for the bottom
participant). The blocks preceding this point were assigned to the PRE-LEARN
(PRE-TEST) condition. For each participant, the following 12 block-cycles were
broken into two POST-LEARN (POST-TEST) phases of 6 block cycles each.
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Fig. 2. A: Mean behavioural data for LEARN and TEST blocks over all 24
REST-LEARN-REST-TEST cycles. In LEARN, the latencies shown are between vi-
sual onset of the finger-tap cues and the participant’s corresponding keypad-presses.
In TEST, the shown latencies are inter-tap intervals. Numbers shown just above the
horizontal axis are the number of participants who had learned the tap-sequence
by that learning cycle. B: Mean response latencies grouped into periods of 6 cycles
each. Error bars indicate standard error.
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Fig. 3. Means of post-learn and post-test activations exclusive-masked by pre-learn
and pre-test activations, respectively. Error bars indicate standard error.
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Fig. 4. Surface reconstructions [20] of the cortex showing activated voxels (across all
7 participants) by regions of interest. PRIMMOT: primary motor (BA 4); PRIM-
SOM: primary somatosensory (BA 1, 2, 3); OT-ASSOC: occipito-temporal associ-
ation (BA 18, 19, 20, 21, 37); SECMOT: secondary motor (BA 6, 8 44); tertiary
motor (BA9, 10 11, 45, 46, 47); PT-ASSOC: parieto-temporal association (BA 7,
22, 39, 40).
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