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The Neural Correlates of Motor Skill Automaticity
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Acquisition of a new skill is generally associated with a decrease in the need for effortful control over performance, leading to the
development of automaticity. Automaticity by definition has been achieved when performance of a primary task is minimally affected by
other ongoing tasks. The neural basis of automaticity was examined by testing subjects in a serial reaction time (SRT) task under both
single-task and dual-task conditions. The diminishing cost of dual-task performance was used as an index for automaticity. Subjects
performed the SRT task during two functional magnetic imaging sessions separated by 3 h of behavioral training over multiple days.
Behavioral data showed that, by the end of testing, subjects had automated performance of the SRT task. Before behavioral training,
performance of the SRT task concurrently with the secondary task elicited activation in a wide network of frontal and striatal regions, as
well as parietal lobe. After extensive behavioral training, dual-task performance showed comparatively less activity in bilateral ventral
premotor regions, right middle frontal gyrus, and right caudate body; activity in other prefrontal and striatal regions decreased equally
for single-task and dual-task conditions. These data suggest that lateral and dorsolateral prefrontal regions, and their corresponding
striatal targets, subserve the executive processes involved in novice dual-task performance. The results also showed that supplementary
motor area and putamen/globus pallidus regions showed training-related decreases for sequence conditions but not for random condi-

tions, confirming the role of these regions in the representation of learned motor sequences.
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Introduction

A universal feature of human behavior is that well practiced
tasks can be performed with relatively little effort or cognitive
control, whereas novice performance of the same task may re-
quire intense and effortful cognitive control (James, 1890). The
ability to perform skilled tasks without the need for executive
control is referred to as “automaticity,” and it has been exten-
sively investigated by cognitive scientists over the past 40 years. A
defining characteristic of automaticity is the ability to perform
the automatized task with little or no interference by a demand-
ing secondary task (Posner and Snyder, 1975; Logan, 1979). The
neural basis of automaticity is of great interest, but little is cur-
rently known about how neural activity changes as a task be-
comes automatized (but see Wu et al., 2004).

In the present study, we trained subjects extensively on an
implicit sequential reaction time (SRT) task that has been used
both behaviorally and with neuroimaging to examine motor skill
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learning. In this paradigm (Nissen and Bullemer, 1987), subjects
are presented with a four-alternative spatial choice reaction time
task; unbeknownst to them, on some blocks of trials, the loca-
tions occur in a particular sequence, whereas on other blocks, the
stimuli are presented in a pseudorandom order. Subjects will
generally respond more quickly on all blocks as training
progresses. In addition, there is a greater decrease in response
time (RT) for sequence blocks compared with pseudorandom
blocks, even if subjects cannot explicitly report the sequence
(Willingham et al., 1989) (but see Perruchet and Amorim, 1992).
We examined performance of the SRT task under both single-
task and dual-task conditions. Subjects were scanned using func-
tional magnetic resonance imaging (fMRI) on two occasions,
with 3 h of SRT training in between these scanning sessions.
Dual-task probe blocks were presented during both training and
imaging, and degree of automaticity was defined as the cost of
performing the secondary task.

The lateral prefrontal cortex has been particularly implicated
in the support of cognitive control operations (Norman and
Shallice, 1986; Miller and Cohen, 2001). In particular, there is
evidence that lateral prefrontal regions are recruited under con-
ditions of dual-task performance (Dreher and Grafman, 2003)
and in situations requiring task switching (Sohn et al., 2000;
Wrlie et al., 2003). These results suggest that the development of
automaticity should be associated with decreasing activity in lat-
eral prefrontal regions. At the same time, previous studies of both
motor (Grafton et al., 1994; Van Horn et al., 1998; Penhune and
Doyon, 2002) and perceptual (Poldrack et al., 1998; Poldrack and
Gabrieli, 2001) skill acquisition have found learning-related in-
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Figure 1. Schematic of the task design. A, Blocked design used during fMRI scanning. ST,
Single task; DT, dual task; SEQ, sequence; RAND, pseudorandom. The ordering of single-/dual-
task blocks was constant for all subjects, whereas the order of sequence and random blocks was
counterbalanced across runs and subjects. B, Structure of the training sessions, showing alter-
nation of sequence/pseudorandom blocks and placement of early/late dual-task probe blocks.

creases in activation in both cortical and subcortical regions, in-
cluding the neostriatum (putamen for motor skill learning and
caudate for perceptual skill learning). We tested for regions of
either increased or decreased activation with automaticity to test
the hypothesis that different regions may exhibit divergent
changes related to the decreased need for cognitive control with
practice.

Materials and Methods

Subjects. Fourteen normal young adult subjects participated in this study
for payment (mean age, 20.7; eight females). All subjects provided in-
formed consent according to procedures approved by the University of
California, Los Angeles Human Subjects Committee. One additional
subject was excluded because of failure to complete the second imaging
session.

Experimental design. Each subject participated in two scanning ses-
sions, separated by 1 or 2 d. During the intervening period, subjects
participated in three training sessions. Figure 1 presents a schematic of
the task design.

The task was an SRT (Nissen and Bullemer, 1987), in which subjects
were presented with a visual target in one of four screen locations and
asked to respond as quickly and accurately as possible to this location by
pressing one of four spatially compatible buttons. The visual target (“X”)
was presented for 1 s, with a 1.25 s interstimulus interval. During some
blocks (“sequence” blocks), the stimulus locations followed a consistent
12-item-long sequence (unbeknownst to the subject). This was a second-
order conditional sequence, meaning that every individual location and
every first-order transition appeared equally often. During other blocks
(known as “pseudorandom” blocks), items were presented in a pseudo-
random order, with the constraint that all individual targets appear
equally often as in the sequence blocks (Reed and Johnson, 1994). This
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design ensures that any differences in behavior or activity between se-
quence and random blocks must reflect the learning of higher-order
sequential knowledge rather than lower-order statistics.

Subjects performed the SRT task under both single-task and dual-task
conditions. Under the single-task condition, only the SRT was per-
formed. Under dual-task conditions, the SRT was performed concur-
rently with a tone-counting task. A single tone was presented each time a
visual target appeared; across subjects, 50—70% of the tones were high
pitched (1000 Hz), with the remaining tones at 500 Hz. Subjects were
asked to count the number of high tones occurring during each dual-task
block; during scanning runs, they did not report these counts, whereas
during training runs, they reported them by entering the number using a
keyboard.

Each scanning session consisted of two functional imaging runs. Dur-
ing each of these runs, there were six blocks (lasting 45 s each), during
which the subject performed the SRT task, separated by blocks of rest
lasting 15 s each; each run also began with 15 s of rest. Each scan included
the following: two single-task sequence blocks, two single-task pseudo-
random blocks, one dual-task sequence block, and one dual-task pseu-
dorandom block (Fig. 1). Two orders were used, with a different order for
each of the two runs in each session (with order counterbalanced across
runs and across sessions). Key-press responses and response times were
collected using a custom four-button box.

During the intervening period between scanning sessions, subjects
participated in three training sessions. During each session, they per-
formed 12 blocks of the SRT task, each of which included 60 sequence
trials and 60 pseudorandom trials. All blocks were performed under
single-task conditions, except for blocks 3, 4, 9, and 10, which were
performed under dual-task conditions as described above (Fig. 1).

Imaging procedures. Imaging was performed using a 3.0 T GE MR
scanner with Advanced NMR gradients (GE Medical Systems, Milwau-
kee, WI). Blood oxygenation level-dependent-sensitive functional im-
ages were collected using a gradient-echo echo-planar pulse sequence
[repetition time (TR), 3000 ms; echo time (TE), 45 ms; 64 X 64 matrix;
19 slices, 4 mm thick, 1 mm interslice gap]. Two runs of fMRI acquisition
were performed for each subject during each scanning session, lasting
363 s each (encompassing 360 s for the task paradigm and an additional
3 sat the end of the run), with an additional four images at the beginning
of the run discarded to allow T1 equilibration. Before functional scan-
ning, we collected a coplanar anatomical image of the whole brain using
a T2-weighted spin-echo echo-planar sequence to aid intersubject regis-
tration (TR, 4 s; TE, 54 ms; 128 matrix; 26 slices, 4 mm thick, I mm
interslice gap).

fMRI data analysis. Preprocessing and statistical analysis of the data
were performed using SPM99 software (Wellcome Department of Cog-
nitive Neurology, London, UK). The data were first analyzed for outlier
images (caused by scanner spikes); such images were replaced with the
mean of the two temporally adjacent images in the time series, with a total
of 12 images replaced across the entire study. Preprocessing with SPM99
included motion correction and spatial normalization to a custom tem-
plate approximating the MNI 305 stereotactic space (Montreal Neuro-
logical Institute), using linear affine registration followed by nonlinear
registration using cosine basis functions, resampling to 3 mm cubic vox-
els. Normalization was performed by aligning the coplanar anatomical
image to the template and then applying the same normalization param-
eters to the aligned functional images. Statistical analysis was first per-
formed for each individual subject using a general linear model in
SPM99. The design was modeled as a boxcar convolved with a canonical
hemodynamic response, with each block modeled separately. Low-
frequency signal components (120 s cutoff) were treated as confounding
covariates. The model fit was performed individually for each subject,
and contrast images were generated for each of the four event types
(against the explicitly unmodeled baseline/fixation). The contrast images
were spatially smoothed with an 8 mm Gaussian kernel and then used in
a second-level analysis treating subject as a random effect. The second-
level statistical maps were thresholded at p = 0.005 (uncorrected); con-
trol for familywise error was achieved using the cluster-level Gaussian
random field results, resulting in a volumewise corrected error rate of p <
0.05.



5358 - J. Neurosci., June 1, 2005 - 25(22):5356 -5364

Pre-training Post-training

2
= 500
% ]
c =]
S 450 ]
Q. N
8 4004
o ’

350-

ST DT ST DT
Rand . Seq

Figure 2.  Response time data from fMRI scans, with SE bars. ST, Single task; DT, dual task;

Seq, sequence; Rand, pseudorandom.
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Figure3.  Response time data from training, separated by single-/dual-task and sequence/

random conditions. ST, Single task; DT, dual task; seq, sequence; rand, pseudorandom.

Region-of-interest (ROI) analyses were performed using the SPM ROI
Toolbox (http://spm-toolbox.sourceforge.net). Regions were defined
functionally based on voxelwise statistical maps, by growing a sphere (6
mm radius) around the local maxima in each cluster. For clusters of
additional interest, the effect of each condition versus baseline was esti-
mated for each subject by modeling the data using a finite impulse re-
sponse model and averaging the response over the length of the trial
block. This provided an estimate of the average signal change induced by
each condition, without any assumptions regarding the shape of the
response.

Results

Behavioral results

RTs obtained during scanning are presented in Figure 2, and
those obtained during training are presented in Figure 3. Three
subjects were excluded from the training analysis because of
missing data in one session attributable to computer errors. All
behavioral analyses were performed using repeated-measures
ANOVA in SPSS (SPSS, Chicago, IL) with the Huyhn-Feldt cor-
rection for nonsphericity.
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Scanning sessions

Subjects were highly accurate during scanning (mean accuracy
>95% in all blocks/conditions). Accuracy data for scanning
are presented in supplemental Figure S1 (available at www.
jneurosci.org as supplemental material). Scanning RT data were
collapsed across single-task and dual-task blocks within each ses-
sion (separately for sequence and pseudorandom blocks). The
response time data were analyzed using a session (pre vs post) X
condition (sequence vs pseudorandom) X task (single vs dual)
repeated-measures ANOVA. There was a significant effect of ses-
sion (F(, ,, = 11.58; p = 0.011), reflecting decreased response
times overall from pretraining to posttraining, and an effect of
condition (F, ;) = 17.876; p = 0.004), reflecting faster responses
to sequence versus pseudorandom blocks. There was also a sig-
nificant session X condition interaction (F,, = 7.58; p =
0.028), reflecting the greater decrease in response times for se-
quence versus pseudorandom blocks across scanning sessions.
There was a significant effect of task (F, ;) = 13.38; p = 0.008),
reflecting slower responses on dual-task versus single-task blocks.
There was a nonsignificant trend toward an interaction between
task and session (F(, ;) = 3.004; p = 0.127). No other interactions
were significant.

Training sessions

Subjects were highly accurate during training (mean accuracy
>95% in all blocks/conditions). Accuracy data for training
are presented in supplemental Figure S2 (available at www.
jneurosci.org as supplemental material). To perform a factorial
ANOVA, the training response times were reduced by averaging
across each pair of adjacent dual-task blocks and separately aver-
aging across the two single-task blocks preceding those probe
blocks and the two single-task blocks following the probe blocks.
This was done separately for the dual-task probe blocks and the
beginning and end of each training session (Fig. 1), giving two
data points for each condition in each training session (and a total
of six blocks across the three training sessions). The first and the
last blocks were entered into a block X condition (sequence vs
pseudorandom) X task (single vs dual) repeated-measures
ANOVA. There was a main effect of block (F(5 o) = 45.72; p <
0.001), reflecting a downward trend in response times over train-
ing, as well as a main effect of condition (F, ;o) = 33.93; p <
0.001) and a main effect of task (F(, ,5, = 9.61; p = 0.011). There
was a significant task X block interaction (Fs 5y = 11.53; p =
0.007), reflecting a greater reduction in response times for dual-
task compared with single-task blocks, consistent with the devel-
opment of automaticity. The condition X block interaction was
marginally significant (F s o, = 3.097; p = 0.109), suggesting that
some sequence learning continued to occur during training.
However, the condition X block X task interaction was not sig-
nificant (F5 14y = 1.76; p = 0.21), suggesting that the effect of the
secondary task decreased similarly for sequence and pseudoran-
dom conditions with practice.

Examination of dual-task costs showed a decrease from a
mean cost of 61 ms ( test, p = 0.003) in the first training block
versus a cost of 11 ms ( p = 0.362) in the final training block. The
analogous costs during fMRI scanning were 53 ms pretraining (¢
test, p < 0.001) versus 27 ms posttraining ( p = 0.178). Thus, for
both training and scanning, the dual-task effect was not signifi-
cant after training, demonstrating the development of
automaticity.

Imaging results: whole-brain analyses
Unless otherwise noted, all results were significant at p < 0.05
(mapwise corrected using the cluster-based Gaussian random
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Pre-training

Figure 4.

Thresholded statistical map for comparison of single-task condition (averaged over sequence and random blocks) versus rest ( p << 0.05, cluster corrected for multiple comparisons).

The top row presents results from pretraining session, and the bottom row presents posttraining results.

Table 1. Activation locations for comparison of single-task SRT versus rest (thresholded at p < 0.005

uncorrected; cluster-level GRF correction, p < 0.05)

Automated Anatomical Labeling Atlas
(Tzourio-Mazoyer et al., 2002) using small

Region X y z Cluster extent (voxels) MaxT  volume correction (SVC) within SPM99.

Pretraining Within this region, there was a significant
Rinferior occipital/temporal 18 —54 15 8293* 1134  decrease in basal ganglia activation from
L inferior occipital” ) —81 0 1051  pretraining to posttraining, corrected for
Linferior parietal” -27 —18 48 937  the extent of the ROL.
Lstriatum® ) -1 6 9 933 Sequence-related activity
R!nfer!orocc!pltal/temporal 24 —54 —18 9.09 Activity was compared between sequence
Rinferior parieal 39 4 36 > 742 and pseudorandom conditions separately
Rinferior frontal 60 3 15 105 4.46 . .

Posttrainin for single-task performance in each ses-
Linferi o? parietal “36 7 51 2245 nn sion. In the pretraining session, there were
Linferior parietal” _48 —30 0 1065 Do differences in either direction that sur-
Medial frontal® 0 -3 54 947 Vvived a corrected threshold. However,
Rinferior occipital/temporal 18 —48 —18 3529 840  there was marginally greater activity for se-
L striatum -12 -6 9 490 681 quence compared with pseudorandom
R parietal 39 —145 51 297 488  blocks in the right caudate nucleus (p =

“For each cluster, all local maxima exceeding a voxel-level corrected p << 0.05 threshold are presented.
GRF, Gaussian random field; R, right; L, left.

field correction in SPM99 after thresholding at p < 0.005,
uncorrected).

Single-task activity

Figure 4 presents a map of regions that were significantly differ-
ent between single-task SRT performance (averaged over se-
quence and pseudorandom blocks) and rest; stereotactic loca-
tions for significant activations are listed in Table 1. Compared
with rest, performance was associated with bilateral activity in
occipital/temporal cortex, sensorimotor and dorsal premotor
(PMd) cortex, supplementary motor area (SMA), striatum (cau-
date/putamen), and cerebellar cortex and deep nuclei. Activity
was also compared between pretraining and posttraining sessions
to identify learning-related changes. There were no changes at a
corrected threshold. Because of the a priori hypothesis of changes
in basal ganglia activation based on previous studies, activity was
examined within a broad basal ganglia ROI derived from the

0.06, corrected), and this activation was

significant in an SVC analysis using the

basal ganglia ROI described above. In the

posttraining scan, there were no regions
with significantly greater activity for sequence compared with
pseudorandom conditions, and an SVC analysis of the basal gan-
glia was not significant. However, several regions showed greater
activity for pseudorandom compared with sequence blocks, in-
cluding left medial intraparietal cortex and left inferior frontal
gyrus (IFG); a previous study by Doyon et al. (1996) found sim-
ilar increases for novel sequence versus an overtrained sequence,
although in that study, the differences were right lateralized. An
additional analysis compared sequence and pseudorandom con-
ditions under dual-task conditions. In the pretraining session,
there were no significant differences at the whole-brain level.
After training, there were no regions with activity for the se-
quence > random comparison, but the left putamen and left
premotor cortex showed significantly greater activity for pseudo-
random than sequence conditions.
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Pre-training

Figure 5.

Thresholded statistical map for comparison of single-task versus dual-task conditions (averaged over sequence and random conditions) ( p << 0.05, cluster corrected for multiple

comparisons). The top row presents results from pretraining session, and the bottom row presents posttraining results.

Dual-task effects
Comparisons of single-task versus dual-

Table 2. Activation locations for comparison of dual-task SRT versus single-task SRT (thresholded at p < 0.005,
uncorrected; cluster-level GRF correction, p < 0.05)

task performance (averaged across se- - Region X y z Cluster extent (voxels) Max T
quence and random blocks) are presented -
. . .. . Pretraining
in Figure 5 and Table 2. Activity during R superior temporal 60 30 6 2249 1059
dual-task performance was compared R superior temporal” 66 ~30 n 901
with single-task performance separately in | nferior frontal -3 0 27 503 1035
each session. In the pretraining session, an Inferior colliculus 6 —36 -1 1M 6.46
extensive set of regions were more active Medial cerebellum 3 —~78 -2 284 6.04
during dual-task compared with single- L superior temporal -4 —51 6 953 6.03
task performance, including bilateral au- R ocdipital 2 —84 6 121 5.41
ditory cortices, bilateral lateral premotor  Posttraining
cortex, pre-SMA, and right caudate body. L superior temporal 4 -3 12 471 2.07
In the posttraining session, the only re- R superior temporal 63 —30 12 285 8.79
. POt e ’ v Pre versus Post
gions showing significantly more activity Linferior/middle frontal —42 9 30 M 9.33
for dual- versus single-task conditions Roccipital 33 _81 n 1129 71
were bilateral auditory cortices. Direct L occipital —y7 —78 12 476 6.75
comparison of dual-task activation be- Rinferior/middle frontal 36 30 ) 691 6.71
tween pretraining and posttraining ses- R superior parietal 30 —78 45 530 6.37
sions identified decreases in right lateral L superior parietal —18 =75 51 390 6.13
Medial parietal/precuneus 6 —66 51 13 5.46

(inferior/middle) prefrontal, premotor,

and bilateral parietal cortex, as well as the
cerebellum (Fig. 6). Additional analyses
were performed to determine whether the
single versus dual effect differed between sequence and random
conditions; no significant differences were found for either pre-
training or posttraining, suggesting that the dual-task effect was
qualitatively similar between these conditions.

Imaging results: region of interest analyses

To further characterize activity in the regions identified in the
foregoing whole-brain analyses, ROI analyses were performed on
a number of regions of particular interest identified in the fore-
going analyses; the results of these analyses are presented in Fig-
ure 7. For each ROI, a two (pre/post) X two (single/dual task) X
two (sequence/pseudorandom) repeated-measures ANOVA was
performed on the extracted mean signal across the ROI. Results
of these ANOV As are presented in Table 3.

“For each cluster, all local maxima exceeding a voxel-level corrected p << 0.05 threshold are presented.
GRF, Gaussian random field; R, right; L, left.

Left putamen/globus pallidus

This region showed an interaction between pretraining/post-
training and sequence type; signal decreased from pretraining to
posttraining for sequence conditions but remained constant for
random conditions. This effect was equivalent between single-
task and dual-task performance.

SMA

There were no significant effects in the SMA region; however,
there was a trend toward a training X sequence type interaction,
with a pattern similar to the left putamen/pallidum region.

PMd
Left and right PMd exhibited markedly different responses. Left
PMd activity was quite consistent across all conditions, with no
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Figure 6.
cluster corrected for multiple comparisons).

significant effects in the ANOVA. Right PMd, in contrast, exhib-
ited substantial decreases in signal from pretraining to posttrain-
ing, except in the single-task pseudorandom condition in which
signal was constant. This was reflected in a significant three-way
interaction, as well as a significant pretraining/posttraining X
single-/dual-task interaction. This difference in response be-
tween left and right PMd was confirmed in a four-way (ROI X
pre/post X task X sequence) ANOVA; the four-way interaction
was significant ( p = 0.025).

Ventral premotor cortex/inferior frontal gyrus

A region encompassing the ventral premotor cortex (PMv) and
inferior prefrontal gyrus showed a bilateral pattern of activity
different from those observed in PMd. Most strikingly, PMv/IFG
was only active during dual-task conditions in the pretraining
session. For both left and right PMv/IFG regions, there was a
significant main effect of single/dual task and a significant pre/
post X single-/dual-task interaction. Comparison between left
and right PMv/IFG regions in a four-way ANOVA revealed no
significant interactions with hemisphere, suggesting relatively
similar patterns of response across hemispheres.

Right dorsolateral prefrontal cortex

Right dorsolateral prefrontal cortex (DLPFC) showed a pattern
very similar to PMV/IFG, with activity only during dual-task con-
ditions. The main effect of single/dual task as well as the pre/
post X single-/dual-task interaction were both significant.

Right caudate body

The right body of the caudate nucleus showed a pattern very
similar to PMv/IFG and right DLPFC, with a significant pre/
post X single-/dual-task interaction.

Discussion

The present study examined changes in neural activity associated
with the acquisition of automaticity in a motor learning task.
There were three major findings. First, novice performance of an
SRT task with a concurrent working memory load resulted in
activation of a network, including PMv/IFG and DLPFC and
right caudate body, compared with performance without a con-

Thresholded statistical map for interaction between pretraining/posttraining and single/dual task ( p < 0.05,
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current task. This suggests that these re-
gions are critical for cognitive control dur-
ing early learning. Other regions,
including dorsal premotor cortex and
SMA, were equally active regardless of the
presence of the secondary task, consistent
with a more fundamental role in motor
programming. Second, practice was asso-
ciated with the development of automatic-
ity (as indexed by the elimination of dual-
task interference), and this change was
associated with decreased activation in
PMV/IFG, DLPFC, and right caudate re-
gions. Finally, basal ganglia regions [in-
cluding putamen, globus pallidus (GP),
and caudate head] exhibited an interac-
tion of sequence type and time, such that
training resulted in decreased activity for
sequential trials but not for pseudoran-
dom trials. These results provide direct ev-
idence that these regions are involved in
the acquisition of motor sequence knowl-
edge, consistent with previous imaging
(Grafton et al., 1995; Rauch et al., 1997)
and neuropsychological (Knopman and
Nissen, 1991; Willingham and Koroshetz, 1993) results.

It is of note that the main findings regarding automaticity in
this study were general to both sequence and random conditions
in the SRT task. This is supported by the lack of an interaction
between dual-task effects and sequence versus random condi-
tions on response time during training and by the lack of differ-
ences in the neural signature of dual-task effects for sequence
versus random conditions. These results diverge from previous
behavioral studies, which found that dual-task conditions re-
sulted in impaired acquisition (Curran and Keele, 1993) and/or
expression (Frensch et al., 1998) of sequence knowledge. It is
possible that this difference from previous results arose from a
procedural difference between the present study and those previ-
ous studies. Nearly all previous studies presented the tone at ran-
domly spaced times after presentation of the SRT stimulus and
approximately coincident with the motor response or in the in-
terval between the motor response and the next stimulus (cf.
Hsiao and Reber, 2001), whereas we presented the tone concur-
rently with the onset of the SRT stimulus. Hsiao and Reber (2001)
systematically varied the occurrence of the tone within the re-
sponse-stimulus interval and found the greatest interference late
in this interval. This suggests that a consistently timed tone before
the response may have reduced the disruption of sequence tim-
ing. Instead, the presence of the tone appeared to exert a general
effect on motor responding during earlier sessions.

Several previous studies have examined neural changes asso-
ciated with extensive (multisession) training on SRT tasks. Karni
et al. (1995) trained subjects on an explicit five-element finger
movement sequence for 10—-20 min of practice per day for 5
weeks. No secondary task was performed, but the fact that sub-
jects continued to practice for 2 weeks beyond asymptote suggests
that automaticity was likely achieved. This study used a surface
coil and only imaged a small region of motor cortex, in which an
increase in activity related to sequence learning was observed
compared with an untrained motor sequence. No increase was
observed in motor cortex in the present study, but this may have
been attributable to the degree of smoothing applied to the data,
which may have obscured small, localized changes in activity. Wu
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Figure7. Bargraphsofsignal extracted from regions of interest, with SE. Statistical analyses

of these data and stereotactic locations for each region are presented in Table 3. L, Left; R, right;
MFG, middle frontal gyrus; SEQ, sequence; RAND, pseudorandom.

et al. (2004) scanned before and after an explicit sequence learn-
ing paradigm presenting two sequences of different lengths to
each subject (4 or 12 elements) and administering a secondary
task to index the degree of automaticity. Automaticity was
achieved within 2—4 h of training on both sequences. A number
of regions showed decreased activation after training, including
bilateral prefrontal and parietal regions, cerebellum, and caudate
nucleus; as in the present study, no increases in activation were
observed after training. However, this study did not directly im-
age SRT performance under dual-task conditions. Thus, our re-
sults extend previous findings by demonstrating that automatic-
ity is associated with specific decreases in activation in a fronto-
striatal network during dual-task performance.

Although the focus of our study was on motor skill learning in

Poldrack et al. @ Automaticity of Motor Skill

general, there were some modest differences in activity between
sequence and pseudorandom conditions. Several previous stud-
ies have found patterns of sequence-specific activation in the SRT
that differ depending on whether sequence learning was implicit
or explicit (Grafton et al., 1995; Rauch et al., 1995; Hazeltine et al.,
1997; Honda et al., 1998). In the present study, awareness of the
repeated sequence was not assessed. The second-order condi-
tional sequence used in the present study and the mixing of se-
quence and random blocks was likely to have reduced sequence
awareness, although it is possible that some subjects acquired at
least partial explicit sequence knowledge. Our neuroimaging re-
sults overlap to some extent with previous studies of implicit
sequence learning, in that there was a strong trend for sequence-
specific caudate activation early in training. It is unclear whether
the possibility of explicit sequence knowledge in our subjects had
a major impact on the pattern of results, given more recent find-
ings of Willingham et al. (2002) that regions active during im-
plicit learning were also active during explicit learning (but not
vice versa).

Because the development of automaticity in this task was not
sequence specific, it must reflect changes in the processing of
more basic invariant features of the tasks that may be shared by
other motor skill tasks. One major aspect of task-general learning
in our paradigm may be the tuning of spatially compatible stimu-
lus-response mappings. In this context, it is interesting that pre-
vious studies have associated ventrolateral prefrontal cortex with
the learning, maintenance, and controlled retrieval of stimulus—
response associations (Asaad et al., 1998; Passingham et al., 2000;
Bunge et al., 2003). The increased activity of bilateral ventrolat-
eral prefrontal cortex (PMv/IFG) in our dual-task condition be-
fore training suggests that dual-task conditions may require
greater control over stimulus-response mapping rules, even in
cases in which the mappings are spatially compatible. With ex-
tended practice, these mappings appear to be retrieved automat-
ically and thus independently of ventrolateral prefrontal
circuitry.

Automaticity, cognitive control, and cortico-striatal systems
The present results suggest that a cortico-striatal network involv-
ing the lateral prefrontal cortex and caudate nucleus is primarily
responsible for the engagement of cognitive control during dual-
task performance. These regions exhibit activity during novice
dual-task performance, which decreases after the development of
automaticity on the SRT task. This finding is consistent with the
results from a growing body of studies implicating the prefrontal
cortex in cognitive control (cf. Miller and Cohen, 2001; Rid-
derinkhof et al., 2004) and also with the findings of previous
studies of motor skill acquisition (Jenkins et al., 1994; Jueptner et
al., 1997a; Toni et al., 1998). The specific control operations im-
plemented by these regions remain unclear. Because dual-task
activity in prefrontal cortex declined with training although
working memory requirements remained constant (as did work-
ing memory performance), it seems unlikely that the premotor
and lateral prefrontal cortical activations observed here reflect
working memory maintenance per se. Alternatively, the lateral
prefrontal cortex may be involved in coordination of switching
between the two tasks, perhaps involving shifting of attention to
different task characteristics (Jiang, 2004) or the detection of sa-
lient stimuli across modalities (Corbetta and Shulman, 2002).
The right inferior prefrontal cortex may play a particular role in
the inhibition of competing task sets related to its more general
role in response inhibition (Aron et al., 2004).

There is substantial debate regarding the cognitive processes
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Table 3. Results from two (pre/post) X two (single/dual) X two (sequence/random) repeated-measures ANOVA on MR signal extracted from selected regions of interest

displayed in Figure 7

Pre/post X Pre/post X Task X Pre/post X task X
Location X y V4 Pre/post Task Sequence task sequence sequence sequence
A, Lputamen/GP (n = 14) -1 -6 12 0.109 0.031
B, Supplementary motor area (n = 13) 0 -3 54 0.140
(, Rdorsal premotor (n = 13) 27 -3 54 0.003 0.025 0.097 0.022
D, L dorsal premotor (n = 13) —24 -9 54
E, Lventral premotor/inferior frontal (n = 14) —36 0 27 <0.001 0.005 0.136 0.141
F, R ventral premotor/inferior frontal (n = 14) 45 6 30 0.065 0.002 0.007 0.048
G, Rmiddle frontal (n = 14) 33 39 30 0.013 0.012 0.019
H, R caudate body (n = 13) 15 -9 24 0022 0.099 0.002 0.136

Lettered locations correspond to those presented in Figure 7. p values are presented for all results with p << 0.15; blank cells represent nonsignificant (p > 0.15) results. The number of subjects entering the analysis is listed for each region;

data from one subject were missing for several regions because the signal in those regions failed to meet a minimal omnibus £ threshold in the single-subject analysis (from which the ROI data are estimated).

that underlie dual-task interference and the development of au-
tomaticity. Pashler et al. (2001) have argued that behavioral in-
terference attributable to a secondary task is caused by interfer-
ence at the stage of response selection and that this response
selection bottleneck is not eliminated even after automaticity is
achieved, although its effects may be minimized under particular
task conditions. Schumacher et al. (2001), however, have argued
that response selection bottlenecks can be eliminated with prac-
tice. The implications of the present results for this debate depend
on how prefrontal activation during early dual-task performance
is interpreted. If DLPFC/PMyv activation reflects processes in-
volved in resolving response selection conflicts, then the elimina-
tion of this activation by the end of training would suggest that
response selection conflicts are no longer evident after develop-
ment of automaticity. In this context, it is interesting to note that
the PMv and middle frontal gyrus regions observed in the present
study are similar to regions observed in relation to response se-
lection by Bunge et al. (2003) and Schumacher and D’Esposito
(2002). However, resolution of this question would require con-
joint examination of automaticity and response selection manip-
ulations. By identifying brain regions involved in response selec-
tion and by examining activity in these regions as performance
becomes automatic with practice, it may be possible to resolve the
role of response selection in the development of automaticity.

The striatum and sequence learning

Although robust significant differences between sequence and
random conditions were not evident at the whole-brain level, our
ROI analyses primarily found decreases in basal ganglia regions
related to sequence acquisition, whereas previous studies have
primarily found increases. Several differences between the cur-
rent and previous studies may account for this. In the current
study, participants underwent 3 h of training, allowing them to
reach automatic performance levels, whereas previous studies
have provided much less training. It has been suggested that the
basal ganglia are important for chunking action sequences (Gray-
biel, 1998). Chunking allows performance of a well learned mo-
tor sequence to be executed as a single unit of activity rather than
multiple individual actions. Thus, decreased activity in the basal
ganglia may reflect a more effective (chunked) representation
that accompanies automatization. Several other studies that have
found increases in the basal ganglia examined explicit sequence
learning (Seitz et al., 1990; Seitz and Roland, 1992; Schlaug et al.,
1994) or compared pretrained explicitly learned sequences with
learning of new sequences (Jenkins et al., 1994). The present
study, conversely, used an incidental learning paradigm, but it is
not known whether subjects may have also acquired explicit se-
quence knowledge during training.

The caudate and putamen/GP exhibited very different pat-
terns of behavior in the present study. The putamen was active
early and decreased with training for sequence but not pseudo-
random blocks, whereas the caudate body was active only in re-
sponse to dual-task conditions before training. Previous studies
have also found dissociations between these regions; in particu-
lar, it has been suggested that the putamen/GP is primarily in-
volved in performance of motor skills, whereas the caudate is
involved in acquiring the motor sequence knowledge (Jueptner et
al., 1997b). Consistent with this argument, there was a trend
toward greater activity in the caudate for sequence versus pseu-
dorandom conditions during the pretraining scan. Other studies
using incidental learning have found increases in putamen but
also found decreases in the caudate with skill development
(Grafton et al., 1995). The results of our study suggest that,
whereas putamen activity may increase during early portions of
skill acquisition (as measured in these previous studies), it de-
creases with the development of automaticity. These results high-
light the usefulness of examining performance after extensive
training to fully characterize the time course of activity.
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