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Abstract: Practice of tasks in an interleaved order generally induces superior learning compared with
practicing in a repetitive order, a phenomenon known as the contextual-interference (CI) effect.
Increased neural activity during interleaved over repetitive practice has been associated with the
beneﬁcial effects of CI. Here, we used psychophysiological interaction (PPI) analysis to investigate
whether the neural connectivity of the dorsal premotor (PM) and the dorsolateral prefrontal (DLPFC)
cortices changes when motor sequences are acquired through interleaved practice. Sixteen adults
practiced a serial reaction time task where a set of three 4-element sequences were arranged in a repetitive or in an interleaved order on 2 successive days. On Day 5, participants were tested with practiced
sequences to evaluate retention. A within-subjects design was used so that participants practiced
sequences in the other condition (repetitive or interleaved) 2–4 weeks later. Functional magnetic
resonance images were acquired during practice and retention. On Day 2 of practice, there was greater
inter-regional functional connectivity in the interleaved compared with the repetitive condition for
both PM-seeded and DLPFC-seeded connectivity. The increased functional connectivity between both
seeded regions and sensorimotor cortical areas correlated with the beneﬁt of interleaved practice
during later retention. During retention, a signiﬁcant PPI effect was found in DLPFC-seeded
connectivity, with increased DLPFC-supplementary motor area connectivity correlated with the
beneﬁts of interleaved practice. These data suggest that interleaved practice beneﬁts learning by
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enhancing coordination of sensorimotor cortical regions, and superior performance of sequences
learned under CI is characterized by increased functional connectivity in frontal cortex. Hum Brain
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tion (repetitive practice). In contrast, retention and transfer
were superior after interleaved practice than after repetitive practice. The poorer performance during interleaved
practice implies that there is greater effort disbursed in a
more-difﬁcult condition, and this increased effort during
practice results in better long-term retention [Schmidt and
Bjork, 1992; Shea and Zimny, 1983].
Despite the robust beneﬁts of CI on learning, little is
currently known about the neural basis of how CI leads to
better retention. Previous work used functional imaging to
demonstrate increased frontoparietal hemodynamic
responses when motor sequences were practiced in an
interleaved compared with a repetitive condition [Cross
et al., 2007; Lin et al., 2011]. It is likely, however, that CI
does not merely increase activity during learning it rather
enhances the interaction between regions during practice.
These previous studies did not examine how inter-regional
brain connectivity evolves as a function of learning under
different practice conditions. In this study, we investigate
whether practice of motor sequences in an interleaved
compared with a repetitive condition would result in different learning-related changes in inter-regional functional
connectivity of the cerebral motor learning network using
psychophysiological interaction (PPI) analysis of functional
magnetic resonance imaging (fMRI) data.
In the last decade, a great effort has been devoted to
investigate inter-regional connectivity in different tasks in
order to provide a fuller picture of underlying brain mechanisms [Liao et al., 2010; Mesquita et al., 2010; Mulder
et al., 2010). Inter-regional connectivity was often determined by performing temporal correlation between spatially remote neurophysiological events (e.g., correlating
blood-oxygen-level-dependent (BOLD) signals between the
prefrontal and cingulate gyrus on a Stroop test). The correlation approach, however, is limited in drawing causal inference about the direction of inﬂuences that the elements
of one neural system exert on another. Friston et al., therefore, developed PPI analysis which is a bilinear model of
how a psychological context changes the inﬂuence of one
brain region on another, and corresponds to differences in
regression slopes for different psychological contexts [Friston et al., 1997]. The PPI method has been extensively
used in neuroscientiﬁc studies, and is commonly accepted
as a powerful way to characterize neural interactions
among brain regions during behavior paradigms [Hattori
et al., 2009; Liao et al., 2010; Mulder et al., 2010; Neufang
et al., 2008; Wu et al., 2008].

INTRODUCTION
Existing literature has shown that introducing manipulations that make performance more difﬁcult during practice
may nonetheless improve long-term retention [Schmidt
and Bjork, 1992]. Bjork proposed the notion of ‘‘desirable
difﬁculties" that challenges for learners such as context
shifts and retrieval during study result in better learning
and should be introduced into skill practice [Christina and
Bjork, 1991]. An example of desirable difﬁculty is the contextual interference (CI) effect, where practice context is
manipulated by presenting multiple tasks in either a repetitive (blocked) order or an interleaved (random) order
[Shea and Morgan, 1979]. Practicing tasks in an interleaved
order generally results in inferior practice performance but
induces superior retention compared with practicing in a
repetitive order [Brady, 2008]. This differential effect of
practice condition during practice and retention phases is
an example of the distinction between performance and
learning. Although CI is detrimental to performance during the practice phase, it beneﬁts the learning of skills.
The CI effect was ﬁrst demonstrated in the verbal learning literature [Battig and Berry 1966] and was subsequently studied in motor learning [Shea and Morgan,
1979]. In a classic study of the CI effect by Shea and Morgan, participants learned three arm-movement tasks presented in a repetitive (less difﬁcult) or an interleaved
(more difﬁcult) order. Participants were retested after a 10min or 10-day delay with both repetitive and interleaved
presentation of the practiced tasks. Subsequent transfer to
a task of either the same or greater complexity than the
originally learned tasks was also investigated. During the
practice phase, there was an advantage for the participants
who practiced under the repetitive condition, especially in
the early phases of practice, but continuing until the end
of practice. After the 10-min retention interval, performance was better for those participants who had trained in
the interleaved condition even when they were tested in a
repetitive condition. After the 10-day retention interval,
though participants were always faster when tested with
repetitive condition compared with interleaved condition,
those subjects who had been trained in the interleaved
condition performed better in both testing conditions than
those who were trained using a repetitive order. Shea and
Morgan’s results support Bjork’s conceptualization of desirable difﬁculties in cognitive learning that during practice, a more-difﬁcult condition (interleaved practice) led to
worse performance compared with a less-difﬁcult condi-
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with increased inter-regional connectivity between speciﬁc
regions? We hypothesized that, compared with a repetitive
practice condition, interleaved practice of sequences would
lead to greater functional connectivity in a cerebral network involved in motor planning and executive function.
We also hypothesized that the increased connectivity during practice will be functionally relevant in that it will be
associated with better retention of the motor sequences. To
our knowledge, this study is the ﬁrst to apply PPI analysis
to model inter-regional connectivity differences as a function of practice schedule. Our results suggest that
enhanced functional connectivity during and after interleaved practice contribute to the well-known beneﬁts of CI
to skill learning.

The purpose of this study was to identify condition-dependent changes in inter-regional functional connectivity
during motor sequence learning using PPI analyses. We
chose the dorsal premotor cortex (PM) and the dorsal lateral prefrontal cortex (DLPFC) as a priori seed regions to
start with the PPI analysis. The PM and DLPFC were
chosen based on previous work demonstrating increased
activity in these regions during interleaved compared with
repetitive practice of motor skills [Cross et al., 2007; Lin
et al., 2011]. Both of these seed regions are key components of the motor learning network. PM has been shown
to be involved in planning and organizing sequential
movements [Abe et al., 2007; Bortoletto and Cunnington,
2010; Schwarb and Schumacher, 2009], and has been
linked to both parietal modules for sensorimotor transformation during action preparation [Gail et al., 2009; Kroliczak and Frey, 2009], cerebellar-motor pathways for action
coordination [Debaere et al., 2004; Matsumura et al., 2004],
and the primary motor cortex (M1) for the process of
movement selection and execution [Ortu et al., 2009; Rickert et al., 2009]. DLPFC is part of prefrontal-parietal and
prefrontal-striatal networks, and together with the supplementary motor area (SMA), these networks are essential
for executive function, task switching, and sequencing
[Honda et al., 1998; Mansouri et al., 2009; Neufang et al.,
2008; Schwarb and Schumacher, 2009; Yoshida et al., 2010].
It is likely that all of these processes are engaged during
interleaved practice. As such, we hypothesized that interleaved practice may be associated with enhanced connectivity between the PM and regions within parietal cortex,
cerebellum, and M1 while DLPFC connectivity with the
SMA, parietal cortex, and striatum would be enhanced as
well.
The CI beneﬁt to skill learning has been explained in
terms of greater information processing during the interleaved practice condition, including repeated task-switching and retrieval of action plans [Lee and Magill, 1983;
Shea and Zimny, 1983]. Our choice of DLPFC and PM as
seeds was theoretically motivated based on the role of
these regions in these cognitive functions. To accomplish
multiple tasks in a nonrepetitive order, learners must
switch their attention and task sets (engaging the DLPFC,
medial frontal network [Rossi et al., 2009]), and to program an action plan for a different upcoming trial (engaging the premotor network [Gail et al., 2009]). It is
conceivable that greater changes in DLPFC and PM networks during interleaved compared with repetitive practice may support such elaborative information processing
and retrieval practice, leading to enhanced learning.
We aimed to address three research questions. First,
would functional connectivity of the cortical motor learning network be altered when motor sequences were
acquired under different practice conditions? Second,
would any increased functional connectivity of sensorimotor areas during practice be associated with greater behavior gain during the retention phase? Third, during the
retention phase, would successful retrieval be associated
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METHODS
Participants
Sixteen right-handed young adults were enrolled in the
study (9 men and 7 women, ages 19–29). Participants were
recruited from the University and adjacent community. All
participants gave informed consent using an institutionally
approved consent form. Participants were excluded if they
had any contraindications to MRI, including signiﬁcant
medical, neurological, or psychiatric history, metal
implants, uncorrected vision loss, or scored less than 28 on
the Mini-Mental State Exam (MMSE; [Folstein, et al. 1975]).

Study Design
We applied a within-subject cross-over design. The participants practiced the serial reaction time task (Fig. 1A)
on two consecutive training days (Days 1 and 2, Fig. 1B).
To measure the effects of practice on learning, we tested
delayed retention performance on Day 5 (Fig. 1B) [Cahill
et al., 2001; Perez et al., 2005; Shea and Morgan, 1979;
Wright et al., 2005]. Behavioral and fMRI data were
acquired concurrently on each testing day within an MRI
scanner (Fig. 1B).
Each participant practiced a variation of the serial
response task (SRT) for 2 consecutive days and then was
tested on the 5th day. The SRT task consisted of three different four-element sequences, presented in either a repetitive or interleaved order (Fig. 1B, also see ‘‘behavioral
task’’ below for details). In this within-subject cross-over
design, each participant started in the ﬁrst week with
either the repetitive practice (RP) or the interleaved
practice (IP) condition; 2 weeks later, each participant performed in the other practice condition (i.e., repetitive !
interleaved, or vice versa). The order of the practice conditions and the SRT sequences was counter-balanced across
participants.
Functional images were acquired concurrently, while the
SRT was performed inside the MR scanner. For Days 1
and 2, there were three functional imaging runs on each
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Figure 1.
Participants practiced serial reaction time sequence learning ticipants performed the same sequence repeatedly for the same
tasks (A) in both a repetitive and an interleaved order (B). Par- scan run. 2 weeks after practice and retention for one training
ticipants practiced tasks for two consecutive days with the order, participants returned to practice a different set of three
retention tests of trained and untrained sequences taking place sequences in the other condition (e.g., repetitive practice !
on Day 5. Imaging data were acquired concurrently while the interleaved practice).
participants practiced the tasks. During repetitive practice, parthe three tested sequences were arranged in a nonrepetitive manner within each 54-trial fMRI run (Fig. 1B bottom), and the same arrangement of the test sequences was
applied to all the participants. In other words, when the
participants performed IP, they practiced the same order
of test sequences.
On the retention day (Day 5), the participants underwent 3 fMRI runs, with 36 trials per run (Fig. 1B, Day 5).

day. Each run consisted of 54 movement trials, where the
participants practiced one test sequence in each trial
(Fig. 1B). For repetitive practice (RP), each of the three test
sequences was practiced for 54 consecutive trials (i.e., one
fMRI run) before the next sequence appeared, leading to
162 trials (54 trials  3 test sequences) for each day (Fig.
1B top). The order of the three sequences was counter-balanced across the participants. For interleaved practice (IP),
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ticipants’ responses. Response times (RT) were recorded
for each key press.

In the ﬁrst two runs they were tested with the three
sequences they had practiced in the previous 2 days. In
one run, the practiced sequences were presented in a
repetitive order (denoted by repetitive testing condition, or
RC), and in the other run they were presented in an interleaved order (denoted by interleaved testing condition, or
IC). This was to ensure practice-test compatibility was
equal for either practice condition [Lee, 1988; Lee and
Magill, 1983; Shea and Morgan, 1979]. The order of these
runs was counterbalanced across subjects. Each sequence
was presented for 24 trials across these two runs on Day 5
(in contrast, during practice on Days 1 and 2, each
sequence was presented for 54 trials on each day). The
reduced number of trials was used in order to limit further learning processing for the sequences [Cross et al.,
2007]. To assess whether learning was speciﬁc to the training sequences, on the third fMRI run the participants were
tested with three novel, or unpracticed, test sequences
(Fig. 1B).

Functional Magnetic Resonance Imaging
Images were acquired using a Siemens Trio 3.0 T MRI
scanner. Two sets of high-resolution anatomical images
were acquired for image registration. We acquired an MPRAGE structural volume (TR ¼ 1,900, TE ¼ 2.26, ﬂip angle
¼ 8 ) with 176 sagittal slices, each 1 mm thick with 0.5
mm gap and 1.33  1.33 mm2 in-plane resolution. We also
acquired a T2-weighted coplanar volume (TR ¼ 5,000, TE
¼ 34, ﬂip angle ¼ 90 ) with 34 transverse slices covering
the whole brain, each 4 mm thick with 1 mm gap, a 128 
128 matrix and an in-plane resolution of 1.5  1.5 mm2.
Functional images were acquired while the participants
performed the sequence learning task. There were three
functional runs which corresponded to the three practice
sessions on each day (Fig. 1B). On Days 1 and 2, each
functional run lasted for 5 min and 48 s, and consisted of
153 EPI volumes (gradient-echo, TR ¼ 2,000, TE ¼ 30, ﬂip
angle ¼ 90 ), each with 34 transverse slices, 4 mm thick, 1
mm gap, and a 64  64 matrix yielding an in-plane resolution of 3  3 mm2. The ﬁrst four volumes of each functional run were removed from analysis to allow for
magnetization to approach equilibrium. On Day 5, the participants underwent three functional runs (Fig. 1B, two
runs for sequence speciﬁc tests and one run for the novel
sequence test). Each run lasted for 3 minutes and 48 s, and
involved the acquisition of 99 EPI volumes.

Behavioral Task
The SRT task during fMRI scanning was executed as follows (Fig. 1A). Participants positioned the four ﬁngers of
the left hand (all except the thumb) on the four light-sensitive response keys of a magnet-compatible button box
(Current Designs). The left hand was used to increase the
overall difﬁculty of the task (analogous to the approach
in Cross et al., 2007). Subjects watched colored circles
(yellow, red, blue, and green) through magnet-compatible
goggles. Only one colored circle appeared at a time while
the other circles were transparent (Fig. 1A). Each color
was always displayed at the same circle location, thus providing a consistent spatial and color cue for the motor
response on the spatially corresponding response key. Participants were instructed to ‘‘respond as quickly as possible.’’ Within each sequence, one circle would be colored at
a time with the next colored circle appearing as soon as
the previous response was made.
Participants pressed four consecutive keys (four elements, equivalent to one sequence) to complete one task
trial. To ensure that each subject practiced an equal number of trials, each sequence (four key presses) was presented for a ﬁxed duration of 3 s. If the participant
completed the four key presses before 3 s, 4 transparent
circles would appear on the screen, thus controlling visual
stimulation (Fig. 1A). Since we applied a blocked design
for functional imaging acquisition with 18-second task
blocks interleaved with 18-second rest blocks, behavioral
trials were presented as six sequences per task block. During the rest block, the circles would be replaced by a ﬁxation cross in the center of the screen. Participants were
instructed to remain relaxed but gaze at the ﬁxation cross.
A custom-designed computer software program written
with presentation (Neurobehavioral Systems) controlled
the appearance of the colored circles and recorded the par-
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Data Processing and Statistical Analysis
Behavioral data
The behavioral data have been reported in our previous
study [Lin et al., 2011]. Response time (RT) was deﬁned as
the time between stimulus onset to key press. The total RT
for each 4-element sequence trial was calculated by adding
up the RT of each of the four key presses. For both practice and retention, we calculated the median total RT for
every six sequence trials for use in all analyses (Supporting Information Fig. 1).
To compare the effects of training conditions (repetitive
versus interleaved) during practice, RT across 2 days of
practice was averaged before determining the main condition effect. Participants’ performance during the retention
test on Day 5 was also evaluated. The condition effect on
day 5 was evaluated by comparing the averaged RT of the
practiced sequences. Averaged RT was computed separately for the repetitive testing condition (RC) and the
interleaved testing condition (IC) on day 5. We also calculated the averaged RT of the novel sequences to investigate whether the superior performance on retention for
interleaved practice may simply reﬂect general improvement in key-pressing speed. Full model analysis, including
the two practice conditions, was conducted for practice
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and retention phases separately. Paired sample t-tests
were applied to contrast averaged RT between the repetitive and interleaved practice conditions on the baseline
performance, the end of practice, and performance on the
trained and novel sequences on Day 5.

r

The fMRI data were ﬁrst examined to determine brain
regions that are involved in sequence learning. Group
comparisons under the two practice conditions were performed using a second-level random effects analysis on
the contrast images (task versus rest) derived from the
above model ﬁtting [Handwerker et al., 2004; Worsley
et al., 2002]. Since the nature of sequence practice in an
interleaved condition involves planning and executive
function [Brady, 2008], the dorsal premotor (PM) and dorsal lateral prefrontal cortices (DLPFC) were selected as
seed regions for the connectivity analyses. The coordinates
of the peak activation voxel of the right PM and DLPFC
from the group analyses was used as the center of each
seed region for the subsequent PPI connectivity analysis.

tional connectivity for seed regions DLPFC and PM in
separate PPI analyses. For each participant, after statistical
analysis that was ﬁrst carried out separately using the general linear model (GLM) [Friston et al., 1995], the BOLD
signal time course in the right DLPFC and right PM were
separately entered into the PPI analysis [Friston et al.,
1997; Gitelman et al., 2003; Murata et al., 2000]. The PPI
analysis was modeled to explain how neural activity in
one brain area interacts differently with another brain
region when there are changes in a cognitive/perceptual
process [Neufang et al., 2008]. In this study, we focus on
PM and DLPFC connectivity with sensorimotor regions of
the brain, and the experimental manipulation examined is
the interleaved or repetitive practice conditions. In our PPI
analysis, the design matrix includes three regressors: (i)
the ‘‘psychological variable,’’ representing the cognitive/
perceptual process of interest (here interleaved practice
versus repetitive practice), (ii) the ‘‘physiological variable,’’
representing the BOLD activity timecourse in a given brain
region (here we implemented two seed regions: the right
DLPFC and the right PM), and (iii) the interaction term of
(i) and (ii).
The psychological variable used was a vector speciﬁed
for the task condition (1 for interleaved practice, 1 for repetitive practice) convolved with the HRF. For PPI, fMRI
time-series data deconvolved with the HRF for the right
DLPFC or the right PM was extracted from each participant’s normalized data, based on a sphere of radius 6 mm
around the peak activation voxel detected by the secondlevel group analysis. These time series were mean-corrected and high-pass ﬁltered to remove low-frequency
drifts. The product of this activation time-series data and
the psychological vector of interest (interleaved practice
minus repetitive practice) resulted in the PPI interaction
term. New statistical parametric mappings with the physiological variable (PM or DLPFC activity), psychological
variable, and their interaction as regressors were computed for each subject for each practice day (Day 1 and
Day 2) and retention day (Day 5). These subject level PPIstatistical parametric mappings were then entered into a
random-effects group analysis using a one-sample t-test
within the rest of the brain where practice condition differentially altered the BOLD signal.
For both BOLD and PPI analyses, overall signiﬁcance
were thresholded and corrected for multiple comparisons
using the topological false discovery rate (FDR) method
[Chumbley et al., 2010] at P < 0.05 and a cluster size of
greater than six contiguous voxels. This indicated that on
average less than 5% of the signiﬁcant voxels were false
positive.

Psychophysiological interaction (PPI) analysis
(Question 1)

Correlations between inter-regional connectivity
and learning (Questions 2 and 3)

To assess the hypothesis that the interleaved practice led
to greater prefrontal-connectivity and premotor-connectivity with the sensorimotor network, we estimated the func-

We next sought to determine if any differences in functional connectivity between the two practice conditions
from our primary PPI analyses were correlated with

Imaging preprocessing and ﬁrst level analyses
Functional images were processed using the Statistical
Parametric Mapping software (SPM8, Wellcome Department of Cognitive Neurology, London, UK). To correct for
motion artifacts, functional image data were realigned to
the ﬁrst volume in each functional run and then resliced
with 4th-degree B-Spline interpolation [Friston et al., 1995].
None of the subjects had scans with head motions greater
than 2 mm. After realignment, the resulting mean images
of each subject were normalized to the standard Montreal
Neurological Institute (MNI) EPI template [Evans et al.,
1993]. The normalization parameters were then applied to
all the functional images of that subject. The normalized
images were then resampled to 3  3  3 mm3 per voxel,
and subsequently spatially smoothed with an isotropic
Gaussian ﬁlter with full width at half maximum (FWHM)
¼ 8 mm. Statistical analysis was ﬁrst carried out separately
for each participant using the general linear model (GLM)
[Friston et al., 1995]. The fMRI data were modeled using a
boxcar function that included an explicit baseline model
convolved with the hemodynamic response function
(HRF). An additional parametric regressor with the mean
response time for each task block was applied to ensure
that any differences in brain activities during practice and
retention was due to the inﬂuences of the practice conditions but not to differences in the response time.

Second level and BOLD contrast analyses
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Day 5 retention test after interleaved practice was associated with enhanced retention performance. For all statistical tests of behavioral data, signiﬁcance level was set at P
< 0.05. SPSS 13.0 (SPSS, Chicago, IL) software was used
for the statistical analyses.

relative differences in the learning beneﬁts of interleaved
vs. repetitive practice. All correlations were performed
using a contrast between practice conditions (either repetitive-minus-interleaved, denoted by R-I, or interleavedminus-repetitive, denoted by I-R, depending on hypothesized direction of effect). Speciﬁcally, as a measure of relative behavioral beneﬁts of learning between practice
conditions, mean response time (RT) during retention was
computed on practice sequences on Day 5 with a positive
R-I contrast indicating faster RT (behavioral improvement)
for interleaved practice. Similarly, for PPI contrasts during
practice and retention, a positive I-R contrast indicates
brain regions with greater premotor and/or DLPFC connectivity for interleaved practice.
To index the relative PPI contrasts between practice conditions, we computed an interleaved-repetitive contrast in
regression slopes between time series of seed regions (PM
or DLPFC) and candidate brain regions. The candidate
brain regions are those which showed signiﬁcant connectivity with the seed regions through each primary PPI
analysis as well as being among those which were previously identiﬁed as being key regions to networks related
to each seed (e.g., parietal cortex, cerebellum, and M1 for
PM seeded networks; SMA, basal ganglia for DLPFC
seeded networks). Since the group-level time series of each
candidate brain region is known to show a signiﬁcant correlation with the time series of the corresponding seed
region, for an individual subject, each PPI analysis can
then be visualized as a pair of linear regression lines relating the time series of each other (the seed and the candidate brain region) with each line corresponding to one
practice condition (e.g., Figs. 3–5). As such, we computed
our index of PPI contrasts as a difference in regression
slopes to represent relative differences in inter-regional
connectivity between practice conditions. For PPI contrasts
during practice and retention, a positive I-R contrast indicates brain regions with greater PM and/or DLPFC connectivity (i.e., greater regression slope) for interleaved
practice.
Since the most robust learning beneﬁts of interleaved
practice were identiﬁed in the interleaved testing condition, only relative RT of the interleaved testing condition
was applied for subsequent PPI-learning correlation analyses. Pearson’s correlation tests were applied to identify
how the relative inter-regional functional connectivity was
related to the learning beneﬁts of interleaved practice. The
correlation analyses, based on different between-condition
contrasts on response time and inter-regional PPI, were
performed to test speciﬁc hypotheses. First, was increased
PM- and/or DLPFC-connectivity during practice predictive of enhanced learning? Relative PM-, and DLPFCregression slopes (slope differences, I-R) during practice
were correlated with the amount of beneﬁt of interleaved
practice on subsequent retention performance (RT, R-I).
Since signiﬁcant maps were only identiﬁed for DLPFCseeded modulation on Day 5 retention, we also tested
whether the increase in DLPFC-modulation during the
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RESULTS
Behavior Results
The participants’ behavior, as described in our previous
study [Lin et al., 2011], followed the expected pattern of
the CI effect. Performance in both conditions improved after 2 days of practice, and the overall response time (RT)
during the practice phase was faster in the repetitive than
in the interleaved condition (mean RT, repetitive ¼ 880.8
 69.4, interleaved ¼ 1121.6  64.7, P ¼ 0.006). However,
this pattern was reversed on the retention test on Day 5,
where the RT of the trained sequences was faster for the
sequences practiced in the interleaved than in the repetitive condition (mean RT, repetitive ¼ 1114.9  74.4, interleaved ¼ 897.4  37.7, P < .001), especially when the
participants were tested using interleaved sequences [Supporting Information Fig. 1-(1)]. We also investigated
whether the beneﬁt of the interleaved practice on retention
was sequence-speciﬁc, or simply reﬂected general
improvement in key-pressing speed, which we denoted by
nonspeciﬁc learning. Supporting Information Fig. 1-(2)A
compares sequence-speciﬁc learning between the two
training conditions. Interleaved practice signiﬁcantly facilitated sequence-speciﬁc learning compared with the repetitive practice (P ¼ .003, Supporting Information Fig. 1(2)A). By contrast, the difference in nonspeciﬁc learning
between the interleaved and repetitive practice was not
signiﬁcant (P ¼ .741, Supporting Information Fig. 1-(2)B).
These results replicate the ﬁndings of many other studies in the CI literature using different paradigms [Lee and
Magill, 1983; Lee et al., 1992; Lin et al., 2008; Maslovat
et al., 2004; Perez et al., 2005; Wright et al., 2005].

Functional MRI Results
Practice of SRT evoked increased BOLD activity in sensorimotor regions of the brain during interleaved practice
compared with repetitive practice, a pattern that we have
demonstrated previously [Lin et al., 2011]. To detect the
difference in inter-regional functional connectivity between
repetitive and interleaved practice in sequence learning,
functional BOLD time series data at every voxel of the
brain were regressed against that of the right dorsal premotor cortex (PM) or the right dorsal lateral prefrontal cortex (DPLFC), with the interleaved or repetitive condition
as the interaction term, and between-participant variability
as the random-effects variable (PPI analysis [Friston et al.,
1997]). The PPI analyses were performed separately for
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Figure 2.
Mapping the modulatory effects of learning on cerebral func- logical false discovery rate (FDR) method. On Day 1 (A and D),
tional networks. To detect the difference in functional connectiv- modulatory effects of practice conditions were not signiﬁcant,
ity of the brain between repetitive and interleaved practices in evaluated using either the premotor cortex or DLPFC as the
sequence learning, at every voxel of the brain, the functional seed region. On Day 2, interleaved practice led to higher correBOLD time series was regressed against that of the right pre- lations between the premotor cortex with sensorimotor planmotor cortex (upper row) or the right dorsal lateral prefrontal ning regions, including the cerebellum, the medial frontal, and
cortex (DLPFC, lower row), with the interleaved or repetitive posterior parietal areas (B). Higher correlations between
condition as the interaction term, and between-participant vari- DLPFC and the caudate, the precentral and postcentral gyri, and
ability as the random-effects variable. The resulting signiﬁcance the posterior parietal areas (E), were also associated with intermaps are displayed in neurological orientation, with the MNI leaved practice. On Day 5, modulatory effects of practice on the
coordinate (in mm) at the bottom. Colored regions, where premotor cortex disappeared (C), but still remained with convoxel t-values are positive, indicate that the interaction effects of nectivity between DLPFC and other frontal regions, although
interleaved practice had signiﬁcantly greater interaction effects the signiﬁcance was attenuated (F). These results suggest that
than repetitive practice on the functional relationship between more brain regions with strong functional linkage need to be
that region and the premotor (upper row) or DLPFC (lower recruited during the acquisition phase of motor learning in the
row) cortex, corrected for multiple comparisons using the topo- interleaved than repetitive practice conditions.

each practice day (Day 1 and Day 2) and retention
(Day 5).

ences between practice conditions in functional connectivity with right PM (Fig. 2A). The PPI effects of the
interleaved condition were strongest and widespread
across the brain on the second day of practice (Fig. 2B).
This is also demonstrated by the scatter plots in Fig. 3,
where the regression slopes of the BOLD signal between
PM and M1, the cerebellum, and the inferior and the superior parietal areas were higher in the interleaved condition.
These areas are classically associated with movement execution and sensorimotor transformation [Cross et al., 2007;
Karni et al., 1998]. These ﬁndings complement previous
studies in which different levels of neural activity were
detected when sequential ﬁnger pressing tasks were practiced in different conditions [Karni et al., 1995; Lin et al.,
2011], and indicate the unique contributions of the PM in
coordinating circuits involved in skill encoding.

Seed I: Right Dorsal Premotor Cortex
We identiﬁed common cerebral substrates across participants where task-related PM connectivity was different
between the two practice conditions. Figures 2A–C show
brain regions where PM seeded connectivity was signiﬁcantly different between the repetitive and interleaved
conditions, separately for the 2 practice days and the
retention phase on Day 5. Regions where the PPI effects
were signiﬁcant are listed in Table I. Unless otherwise
noted, all results were signiﬁcant at the topological FDR <
0.05. On Day 1, no brain regions showed signiﬁcant differ-
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the PPI effects of the interleaved vs. the repetitive conditions on DLPFC connectivity were not detected on Day 1
(Fig. 2D), but became highly signiﬁcant on Day 2, especially
in the frontal lobe and basal ganglia (Fig. 2E). Moreover,
scatter plots in Fig. 5 show that the right DLPFC seeded connectivity increased during the interleaved practice more
than the repetitive practice on brain networks that are functionally associated with executive function, sequence learning, and sensorimotor transformation, including the
superior medial frontal regions, the supplementary motor
area, caudate nucleus, and the inferior and superior parietal
areas [Schwarb and Schumacher, 2009; Sun et al., 2007;
Tamas Kincses et al., 2008]. These results suggest that the
connectivity between the motor and the higher order cognitive networks is enhanced during interleaved sequence
practice. Unlike the PM connectivity described in the previous section, the effects of practice condition on the DLPFC
connectivity were sustained during the retention test on
Day 5, showing that successful retrieval of the practiced
sequences requires the integration of DLPFC activity and
brain regions known for memory and executive control (the
superior medial frontal area), sequencing (the supplementary motor area), retrieval (the prefrontal areas), and automation (the caudate nucleus) (Figs. 2E and 5). On the other
hand, however, the DLPFC connectivity with the superior
parietal region was only signiﬁcant during Day 2 of practice,
which may indicate that the requirements of sensorimotor
integration are less critical when the participants retrieved
the practiced sequences on Day 5, compared with when
they were still acquiring motor sequences on Day 2.

TABLE I. Brain areas showing positive change in
coupling with the right premotor (upper section) and
right DLPFC (lower section) while sequences were
practiced in interleaved versus repetitive conditions
on Day 2 (thresholded at P < 0.05, topological
FDR corrected)
Regions
Coupling with Rt PM
Rt inferior frontal gyrus
Rt superior frontal gyrus
Rt insula gyrus
Rt postcentral gyrus
Lt postcentral gyrus
Lt precentral gyrus
Lt supramarginal gyrus
Rt medial temporal lobule
Lt medial temporal lobule
Lt superior temporal lobule
Rt cerebellum
Rt cuneus
Rt inferior occipital lobule
Rt middle occipital lobule
Lt rolandic operculum
Coupling with Rt DLPFC
Lt ant cingulum
Lt cingular gyrus
Rt medial frontal
Rt superior frontal gyrus
Lt superior medial frontal gyrus
Rt insular gyrus
Lt supplementary motor cortex
Rt precentral gyrus
Rt rolandic operculum
Rt caudate
Rt medial temporal gyrus

x

y

z

T

P

57
18
6
15
48
51
63
60
66
57
54
45
42
18
27
42
57

30
36
33
0
6
27
15
3
24
66
66
6
69
90
96
90
3

12
12
45
75
6
54
36
27
30
3
18
12
24
39
9
0
3

3.24
3.07
3.05
3.05
3.23
4.59
3.22
3.48
4.13
3.28
4.55
3.15
3.12
3.7
3.76
3.48
3.06

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

2
15
48
40
18
2
42
3
36
63
3
51

27
3
9
40
27
38
9
18
0
9
9
6

3
27
54
48
63
50
3
48
39
12
18
30

6.56
4.51
4.17
4.12
4.21
5.28
4.13
4.23
4
4.53
5.5
4.05

0.011
0.011
0.011
0.011
0.011
0.011
0.011
0.011
0.011
0.011
0.011
0.011

r

Increased PM- and DLPFC-Connectivity on Day 2
is Associated with Enhanced Learning
Figure 6A and B demonstrated that the PPI effects of the
interleaved vs. repetitive condition on functional connectivity signiﬁcantly correlated with enhanced learning on Day 5.
Greater interleaved-repetitive differences in regression
slopes (Day 2) between two pairs of brain regions, PM-M1
and DLPFC-superior parietal (SPL), were associated with
better learning following the interleaved practice (differences
in regression slopes correlated with differences in response
time; PM-M1: r ¼ .51, P ¼ .04, Fig. 6A; DLPFC-SPL: r ¼ .603,
P ¼ .013; Fig. 6B). These ﬁndings demonstrate that the CI
effects on brain functional connectivity are associated with
the CI enhancement of skill learning. Stronger functional
connectivity between the PM and M1, and DLPFC and parietal regions during interleaved practice is associated with behavioral gain (shorter RT) during a later retention test.

Coordinates are in MNI space [Evans et al., 1993].
Rt PM, right dorsal premotor cortex; Rt DLPFC, right dorsal lateral prefrontal cortex; Rt, right; Lt, left.

Interestingly, the above condition-speciﬁc PPI effects on PM
connectivity disappeared when subjects performed the practiced sequences on Day 5 (Fig. 2C). This may indicate that
modulation of PM connectivity occurs as subjects achieve
asymptotic performance when practicing interleaved tasks,
not when well-learned sequences are retrieved.

Seed II: Right Dorsal Lateral Prefrontal Cortex
Figures 2D–E show maps of regions where DLPFCseeded modulations were signiﬁcantly different between
the repetitive and interleaved conditions, separately for
the 2 practice days and the retention phase on Day 5.
Regions where the PPI effects were signiﬁcant are listed in
Table I. Similar to the above ﬁndings with the right PM,

r

Increased DLPFC-SMA Connectivity may
Indicate Efﬁcient Retrieval
We next demonstrated that enhanced learning following
interleaved practice appears to be associated with a more
efﬁcient cerebral network for retrieval than following
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Figure 3.
Interaction effect of practice conditions on functional connectiv- dots) on Day 2 for a typical participant. Regression slopes with
ity between the right premotor area and other brain regions. respect to these four ROIs were all signiﬁcantly greater under
BOLD activities, corrected for head movements, in the primary the interleaved than repetitive practice condition. These ﬁndings
motor area (M1, A), cerebellum [CB, (B)], the inferior parietal indicate that on the second day of practice, interleaved tasks
[IPL, (C)], and superior parietal areas [SPL,(D)], were plotted evoked stronger premotor modulation on brain regions involved
against the right premotor activities, respectively under the in sensorimotor integration and error corrections.
interleaved (black dots) and repetitive practice conditions (red
regional connectivity in the human brain compared with
when those skills are learned in a repetitive manner. Interregional connectivity was determined using PPI analysis
[Friston et al., 1997], separately for early and late phases of
practice (Day 1 and Day 2, respectively) and when participants performed the trained sequences during a retention
test (Day 5). Dorsal premotor cortex (PM) and dorsal lateral prefrontal cortex (DLPFC) were selected as a priori
seed regions because their functional roles in movement
planning and executive function. There are four main ﬁndings. First, the differences in inter-regional connectivity for
the interleaved vs. repetitive conditions did not emerge
until the second day of practice, and this was consistent in
both PM-seeded and DLPFC-seeded connectivity. Second,

repetitive practice. Figure 6C shows a signiﬁcant positive
correlation between the differences in DLPFC-SMA regression slopes on Day 5 (interleaved minus repetitive, I-R)
and the learning beneﬁts, quantiﬁed by the shorter
response time during the retention test, following interleaved practice (r ¼ .691, P ¼ .003). This ﬁnding indicates
that the increased connectivity between DLPFC and SMA
supports more efﬁcient retrieval of motor memory following the interleaved practice.

DISCUSSION
Our purpose was to investigate whether learning skills
in an interleaved manner evokes different levels of inter-
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Figure 4.
Differences in the connectivity of the right DLPFC circuit for a the interleaved practice, showing a stronger functional connectypical participant practicing in the interleaved (black dots) and tivity in the interleaved than the repetitive condition. These ﬁndrepetitive (red dots) conditions on Day 2. The Regression slope ings indicate that on Day 2, interleaved practice induced more
of BOLD activities between the right DLPFC and the supple- DLPFC modulation on prefrontal, parietal, and subcortical
mentary motor area [SMA, (A)], the caudate nucleus (B), the regions, suggesting the stronger demand for attention, executive
inferior parietal [IPL, (C)] and the superior parietal areas [SPL, function, and task switching during interleaved practice.
(D)], and the superior medial frontal area [SMF, (E)], is higher in
leaved practice enhanced DLPFC modulations during
sequence retrieval. Third, increased functional connectivity
in sensorimotor areas of the brain on Day 2 signiﬁcantly

during the retention phase on Day 5, DLPFC-seeded connectivity was signiﬁcantly greater in the interleaved than
the repetitive practice conditions, suggesting that inter-
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Figure 5.
Differences in the connectivity of the right DLPFC circuit inferior parietal area [IPL, (C)], and the superior medial frontal
between the interleaved (black dots) and repetitive practices area [SMF, (E)]. However, the interaction effect of the inter(red dots) on Day 5. The participant selected for demonstration leaved practice almost disappeared for connectivity between the
and the experimental settings are the same as Fig. 4, except that DLPFC and the superior parietal regression [SPL, (D)]. These
the BOLD responses were measured on Day 5. Similar to Day 2 ﬁndings indicate that successful retrieval of the practiced
(as shown in Fig. 4), regression slopes with respect to retention sequences, especially the performance following interleaved
testing were higher following the interleaved practice, measured practice, requires more DLPFC modulation on prefrontal areas
between the BOLD responses for the right DLPFC and the sup- of the brain.
plementary motor area [SMA, (A)], the caudate nucleus (B), the
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conﬁrm that the signiﬁcant PPI effect on Day 2 was due to
increased functional connectivity as a result of interleaved
practice, we further computed the contrast in the PPI effect
between practice Day 1 and Day 2 separately for the interleaved and repetitive conditions. We found that for both
PM and DLPFC, functional connectivity on Day 2 was signiﬁcantly greater than Day 1 for the interleaved condition
but not for the repetitive condition (Supporting Information Fig. 2). This increased connectivity during interleaved
practice was accompanied by trends in decreased BOLD
activity (Supporting Information Fig. 3). However, the
functional imaging approach used in the current study
was based on a blocked-design, and thus we were unable
to differentiate neural processing during the different
phases of each trial, including planning and execution of
speciﬁc events. A study separating the phase of task processing may be able to pinpoint more precisely the cognitive level of the beneﬁcial effect of CI on skill learning.
Our interpretation is also limited by the small sample size
and limited number of a priori seed regions, which makes
it difﬁcult to generalize our ﬁndings to other cerebral
areas.
Our ﬁndings corroborate previous work by Büchel et al.
who demonstrated that learning that engages multiple
cortical regions is accompanied by adaptation of evoked
cortical responses and changes in inter-regional coupling
between these regions over time [Büchel et al., 1999]. Their
data suggest that as activation within a brain region
decreases with learning, connectivity between cortical

correlated with the behavioral beneﬁts of interleaved condition measured during retention on Day 5. In addition,
increased DLPFC-supplementary motor area connectivity
during retention was associated with the behavioral beneﬁts of the interleaved condition.
The present results suggest that different levels of contextual interference, namely practicing sequences in an
interleaved vs. a repetitive condition, evoke different levels
of functional connectivity in the cerebral network of motor
learning. This distinct effect of practice condition was not
signiﬁcant until the later phase of practice (Day 2) where
compared with the repetitive condition, practicing in the
interleaved condition led to increased functional connectivity between the PM or DLPFC and the sensorimotor
learning network. The signiﬁcant interleaved-repetitive
contrast in functional connectivity on Day 2 suggests that
interleaved practice facilitates inter-regional coupling. To

Figure 6.
Greater interaction effects of practice conditions are associated
with greater learning beneﬁt. The x-axis indicates the difference
in regression slopes of the interleaved minus the repetitive practice condition, for BOLD activities between the ROI pair. Higher
x-values mean a greater interaction effect of the interleaved
practice. Learning beneﬁt is represented by the difference in the
response time (RT) between the interleaved and the repetitive
practices, measured on the retention testing on Day 5 and displayed on the y-axis. Here, we used the difference in RT of the
repetitive minus the interleaved practice (note that this is
opposed to the ‘‘interleaved minus repetitive’’ difference in the
x-axis), as we already knew that the interleaved practice led to
better learning performance (Lin et al., 2011), and preferred the
same direction for data in the x- and y-axes. Our results show
that greater differences in regression slopes for BOLD activities
between the interleaved and repetitive practices, no matter
measured during practice (Day 2, A and B) or retention testing
(Day 5, C), correlate to greater learning beneﬁt. This also indicates that when one practices sequences in an interleaved order,
stronger connectivity within the cortical motor network is
required for successful sequence retrieval. PM, dorsal premotor
area; M1, primary motor area; DLPFC, dorsolateral prefrontal
cortex; SPL, superior parietal area; SMA, supplementary motor
area.
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Looking at the pattern of results across the experiment,
there was a large increase in functional connectivity on the
second day of interleaved practice emanating from both
the PM and DLPFC, with the DLPFC-seeded PPI effect
becoming sustained and more focal during Day 5 (Fig.
2C). This pattern suggests that increasing premotor modulation after skills have been consolidated is no longer necessary. The interleaved condition appears to demand
stronger premotor modulation during the encoding phase
when the demands of movement planning, parameterization, and error correction are high. Once the interleaved
motor sequences were well-learned and the consolidation
of learning took place, the prefrontal areas continued to be
important for coordinating the retrieval of appropriate representations during the retention phase. Our results agree
with existing imaging studies that have associated frontal
activity with explicit motor learning [Goghari and MacDonald, 2009; Schwarb and Schumacher, 2009; Sun et al.,
2007]. In the context of prefrontal contributions to motor
memory retrieval, our results suggest that interleaved
practice results in long-term changes in connectivity
between the strategic network and the sensorimotor network that facilitates successful retrieval of the trained
sequences.
We observed increased functional connectivity between
the dorsal premotor with M1, superior and inferior parietal cortex, and the cerebellum in the interleaved compared
with the repetitive condition. This suggests that these
regions would be more engaged in the interleaved condition. PM is known for its role in movement planning and
scaling in studies using neurophysiology (e.g., [Pesaran
et al., 2006]) and neuroimaging (e.g., [Bortoletto and Cunnington, 2010] methods. It is also involved in sequence
learning [Schwarb and Schumacher, 2009] and has been
shown to increase activation during interleaved compared
with repetitive practice of motor sequences [Cross et al.,
2007; Lin et al., 2011]. M1 has been implicated in the storage of motor sequence information [Ben-Shaul et al., 2004;
Lu and Ashe, 2005]. The posterior parietal cortex, including the superior and inferior regions, plays an important
role in integrating and scaling planned movements. It
processes the transformation between reference frames in
which sensory stimuli are encoded, which often differ
from those of motor effectors [Cohen and Andersen, 2002].
The cerebellum, in contrast, is important for the learning
of skilled movements [Doyon et al., 1998; Hikosaka et al.,
1998; Jueptner and Krukenberg, 2001; Molinari et al.,
1997], and is critical for both error correction and execution of automatic movements [Doyon et al., 1997; Wu
et al., 2008]. The cerebellum-premotor coupling may help
synchronize the learned motor elements to generate a
well-executed motor sequence [Laforce and Doyon, 2002].
In addition, we observed increased DLPFC modulation
over the SMA, superior and inferior parietal, superior prefrontal areas, and the caudate nucleus when sequences
were acquired in an interleaved condition. Rowe et al.,
(2000) suggested a role of DLPFC for the selection of

areas increases. Using two distinct practice conditions, we
further demonstrated that manipulation of practice condition alters the development of functional connectivity during skill learning. Consistent with the trends shown by
Büchel et al.’s study, we found that the interleaved-repetitive contrast in functional connectivity was not signiﬁcant
until Day 2. This signiﬁcant PPI is accompanied by
decreased hemodynamic response and increased functional connectivity preferentially for the interleaved condition (Supporting Information Figs. 1 and 2). This pattern
of results suggest that the interleaved condition may facilitate more efﬁcient neural encoding during the later phase
of skill acquisition, and such efﬁciency (evident by
decreased BOLD and increased functional connectivity)
during the encoding phase may facilitate subsequent consolidation and retrieval.
An important ﬁnding of this study was that increases in
functional connectivity during interleaved practice may
explain the learning beneﬁts under this practice schedule.
We found that increased functional connectivity on Day 2
between two pairs of brain regions: the PM-M1 and the
DLPFC-superior parietal areas, signiﬁcantly correlated with
the learning beneﬁts in the interleaved condition on the Day
5 retention test. Enhanced functional connectivity in corticomotor and executive control networks may reﬂect more proﬁcient neural encoding of motor sequences that beneﬁt
memory consolidation and subsequent retrieval. Interleaved
practice involves greater retrieval demands compared with
repetitive practice in which a single sequence can be held in
working memory. By one view, the increased effort devoted
to the retrieval of sequences during interleaved practice is
the source of the beneﬁt of this practice schedule. Retrieval
practice has been shown to have a powerful effect on the
long-term retention of memories [Roediger and Butler,
2011], and the increased connectivity in the PM-M1 and
DLPFC-superior parietal circuits during interleaved practice
may reﬂect this increased retrieval effort.
Another novel ﬁnding is that the enhanced learning,
reﬂected by shorter response time when the participants
performed the practiced sequences on Day 5, is accompanied by increased functional connectivity between the
DLPFC and SMA. There is evidence demonstrating that
SMA activity is related to decreased motor response time
[Honda et al., 1998], and the SMA is selectively active
when motor sequences are retrieved from memory [Mushiake et al., 1991]. Neurophysiology and imaging studies
have identiﬁed DLPFC as an important substrate for attention, task switching, and executive function [Yoshida et al.,
2010]. Since successful retrieval of practiced sequences
requires appropriate allocation of attention (presumably
operated by DLPFC) to select the neural representations of
sequences (presumably stored in SMA), it is conceivable
that when the coupling between these two regions are
strengthened, retrieval would be enhanced. The positive
correlation between increased DLPFC-SMA modulation
and the performance beneﬁts following interleaved practice supports this interpretation.
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interleaved practice improved averaged RT during retention compared with repetitive practice, it is unclear
whether the changes in functional connectivity that we
observed supported enhanced sequence-speciﬁc representations, or whether the enhancement was general for SRT
task performance. Further studies where sequence speciﬁc
and nonspeciﬁc learning can be assessed separately are
needed to determine how changes in functional connectivity support these different types of learning.
To our knowledge, this is the ﬁrst study to demonstrate
that changes in neural couplings contribute to the beneﬁcial
effects of CI on learning. Introducing the desirable difﬁculty
of CI during practice increased premotor- and DLPFC-modulations of the cerebral motor learning network that appear
to support more efﬁcient long-term retrieval. Future directions for this work include the implementation of neural
modulation techniques, such as repetitive transcranial magnetic stimulation, to validate the role of dorsal premotor and
DLPFC and their distinct contributions to the CI effect.
Another important direction is to examine the effect of neurological disorders on the development of inter-regional
connectivity with skill practice, which may lead to better
design of rehabilitation protocols.

upcoming action representations [Rowe et al., 2005]. There
is also evidence suggesting that the DLPFC might be
involved in action selection and could play a unique part
in top–down regulation of neural activity in regions processing task-relevant representations [Egner and Hirsch,
2005]. SMA activation has been demonstrated during
sequence learning in humans using a neuroimaging paradigm [Hikosaka et al., 1996; Sakai et al., 1999]. Evidence
from neurophysiology studies suggest that different types
of neurons in the SMA help to encode not only where in a
sequence the monkey is but also the conditional links
between the previous response and the upcoming
response [Rushworth et al., 2004]. In the interleaved practice condition, more conditional links are active than when
the subject is repetitively practicing a single sequence.
Previous studies regarding the role of superior prefrontal cortex in executive control are also consistent with the
idea that this region plays an important role in the interleaved practice. Increased superior prefrontal activation
has been identiﬁed when human subjects perform a task
switching paradigm [Sohn et al., 2000], and when inhibiting a mental set is required to initiate an appropriate
response [Konishi et al., 2003]. Such inhibitory function is
required in set-shifting paradigms and is speciﬁcally
needed in an interleaved practice condition.
The increased functional connectivity between the caudate nucleus and DLPFC during interleaved practice is consistent with the idea that motor learning is associated with
increased functional connectivity in cortico-subcortical circuits [Toni et al., 2002; Wu et al., 2008]. The caudate nucleus
projects to corticomotor areas including M1 and premotor
areas [Alexander and Crutcher 1990], and these caudate-corticomotor connections are thought to be important to the acquisition and coordination of motor sequences [Nakano,
2000]. In addition, signiﬁcant increase in prefrontal-caudate
modulation was observed during retention on Day 5. This
stronger prefrontal-caudate modulation supports previous
ﬁndings that some post-learning processes may be mediated
by subcortical structures such as the basal ganglia [Toni
et al., 2002; Wu et al., 2008]. The basal ganglia may participate in developing a motor repertoire that can be initiated in
response to appropriate environmental cues [Laforce and
Doyon, 2001]. We speculate that the interleaved condition
facilitates prefrontal-basal ganglia connectivity during the
encoding phase and this connectivity was maintained after
memory consolidation. The basal ganglia and prefrontal cortex may function jointly to optimize retrieval processing
during retention by transforming a series of motor elements
(e.g., the motor elements that compose a motor sequence) as
one motor representation, making the retrieval performance
more automatic.
Learning in the SRT task was shown to include both
sequence speciﬁc and nonspeciﬁc components. Nonspeciﬁc
learning was shown by the faster RT after practice when
tested with novel sequences, while sequence speciﬁc learning was assessed by the further reduction in RT for practiced sequences compared with novel sequences. Although
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