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Motor performance deteriorates with age. Hence, studying the effects of different training types on performance improvement is partic-
ularly important. Here, we investigated the neural correlates of the contextual interference (CI) effect in 32 young (YA; 16 female) and 28
older (OA; 12 female) human adults. Participants were randomly assigned to either a blocked or a random practice schedule, practiced
three variations of a bimanual visuomotor task over 3 d, and were retested 6 d later. Functional magnetic resonance imaging data were
acquired during the first and last training days and during retention. Although the overall performance level was lower in OA than YA, the
typical CI effects were observed in both age groups, i.e., inferior performance during acquisition but superior performance during
retention for random relative to blocked practice. At the neural level, blocked practice showed higher brain activity in motor-related brain
regions compared with random practice across both age groups. However, although activity in these regions decreased with blocked
practice in both age groups, it was either preserved (YA) or increased (OA) as a function of random practice. In contrast, random
compared with blocked practice resulted in greater activations in visual processing regions across age groups. Interestingly, in OA, the
more demanding random practice schedule triggered neuroplastic changes in areas of the default mode network, ultimately leading to
better long-term retention. Our findings may have substantial implications for the optimization of practice schedules, and rehabilitation
settings in particular.
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Introduction
When learning motor skills, it is crucial to know which type of
organization of training leads to the best possible outcome. In

this respect, random practice refers to training subtasks in ran-
dom order (A, C, B, C, A, B…) and blocked practice to training in
consecutive order (AA…; BB…; CC…). Even though random
practice is detrimental to performance during the acquisition
phase, it eventually leads to better long-term retention, an effect
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Significance Statement

In aging societies, it is critically important to understand how motor skills can be maintained or enhanced in older adults, with the
ultimate goal to prolong functional independence. Here, we demonstrated that a more challenging random as opposed to a
blocked practice environment temporarily reduced performance during the acquisition phase but resulted in lasting benefits for
skill retention. In older adults, learning success was critically dependent on reduction of activation in areas of the default mode
network, pointing to plastic functional changes in brain regions that are vulnerable to aging effects. The random practice context
led to increased economy of brain activity and better skill retention. This provides new perspectives for reversing the negative
consequences of aging.
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called contextual interference (CI; Shea and Morgan, 1979). De-
spite its well documented behavioral benefits, the neural basis of
the CI effect is still poorly understood.

Two accounts have been proposed to explain the CI effect. The
elaboration hypothesis posits that the blocked group engages in
“intratask” processing with little opportunity to reference to other
task variants. Random practice, however, facilitates a high level of
“intertask” processing, resulting in a more elaborate/distinctive
memory representation (Shea and Morgan, 1979; Shea and
Zimny, 1983). In contrast, the action-plan reconstruction hy-
pothesis implies that the interleaved nature of random practice
forces forgetting of task-specific information of previously en-
coded action plans, requiring the learner to generate the next
action plan anew. This leads to stronger memory traces that ben-
efit retention performance. No reconstruction is needed during
blocked practice as the same action plan can be used repeatedly
(Lee and Magill, 1983, 1985). Even though the neural signatures
of these hypotheses have not been identified so far, one can as-
sume that random practice would require more neural resources
(reconstruction), including more elaborate sensory processing
engagement for intertask comparison (elaboration).

Cross et al. (2007) reported that from the early to late phase of
learning, random relative to blocked practice showed increased
activity in premotor and motor cortices during movement prep-
aration and increased activity within the executive function
circuitry during task execution. Others demonstrated higher ac-
tivity in the frontoparietal network [including premotor cortex
(PM), primary motor cortex (M1), and posterior parietal cortex
(PPC)] during random compared with blocked practice during
task execution (Wymbs and Grafton, 2009; Lin et al., 2011). Inter-
estingly, whereas increased dorsolateral–prefrontal cortex (DLPFC)
activity during the acquisition phase was associated with the CI
retention benefit in young adults (YA), increased activity in sen-
sorimotor regions was associated with the CI retention benefit in
older adults (OA; Lin et al., 2012), suggesting age-related altera-
tion of neural activation. In summary, it is not surprising that
higher frontoparietal activity was found for random versus
blocked practice because this is a typical signature of sequence
task learning paradigms that have dominated this field (Doyon et
al., 2003). Accordingly, whether these differential brain activa-
tion patterns are task specific or reflect a genuine feature of the
distinct practice contexts and how these patterns are modulated
during learning and retention (retrieval) remains unresolved.

Here, we investigated the neural basis of the CI effect in YA
and OA using a bimanual visuomotor tracking task. Functional
magnetic resonance imaging (fMRI) data were collected over two
training sessions and a retention test. We examined (1) whether
blocked versus random practice induces different patterns of
brain activity during the acquisition phase and how these activa-
tions change from the early to late phase of learning within each
age group and (2) whether different neural substrates are in-
volved during skill retrieval at delayed retention (DR) as a func-
tion of practice schedule and age. The more challenging random
practice context was hypothesized to lead to higher recruitment
of regions associated with bimanual task planning and execution
(action-plan reconstruction hypothesis) and more involvement
of sensory processing regions for enhanced intertask comparison
(elaboration hypothesis). Since a visuomanual tracking task was
used, higher activity in visual processing and integration re-
gions was expected, particularly in the middle temporal region
(MT/V5�), as shown previously during performance of simi-
lar bimanual skills with enhanced visual feedback (Debaere et al.,
2003; Beets et al., 2015). Furthermore, sustained activity in these

visual processing regions was expected during skill retrieval fol-
lowing random practice, supporting their role in subtask mem-
ory consolidation. With respect to aging, putting forward specific
hypotheses regarding modulation in brain activity during acqui-
sition and skill retrieval following different practice schedules is
challenging because current evidence is fragmented at best.
Nevertheless, we were particularly interested in identifying pat-
terns of cortical hyperactivation in older adults, including deficits
in deactivation of brain areas not relevant for task performance
(Santos Monteiro et al., 2017).

Materials and Methods
Participants
A total of 60 participants, of which 32 were YA (mean age, 21.8 � 1.8
years; range, 18 –27 years) and 28 were OA (mean age, 66.5 � 4.1 years;
range, 60 –74 years), took part in the experiment. Within each age group,
participants were randomly assigned to either of two CI practice condi-
tions: (1) blocked practice and (2) random practice. As such, four differ-
ent groups were tested: YA-blocked, YA-random, OA-blocked, and
OA-random. Detailed group information can be found in Table 1. There
were no between-condition differences with respect to age (YA group,
p � 0.290; OA group, p � 0.716). None of the participants had a history
of neurological or psychiatric disorders. Handedness was assessed using
the Oldfield Handedness scale (Oldfield, 1971), and laterality scores did
not differ between practice conditions within each age group (YA group,
p � 0.478; OA group, p � 0.103). In addition, the Montreal Cognitive
Assessment (MoCA) test was conducted to screen for mild cognitive
impairment. MoCA scores did not differ between practice schedule con-
ditions within each age group (YA group, p � 0.800; OA group, p �
0.303). Participants were blind to the purpose of the experiment. Before
testing, written informed consent was obtained from each participant.
The protocol was approved by the local ethical committee of KU Leuven,
Belgium, and was in accordance with the Declaration of Helsinki (1964).

Overview of experimental sessions
Each participant followed a training protocol consisting of five sessions
in total (for an overview of the study protocol, see Fig. 1). During the first
session (DAY0), participants were carefully screened for handedness
(Oldfield, 1971), cognitive performance (MoCA), and contra-indication
to MRI. This was followed by a baseline test in a dummy scanner during
which participants performed a bimanual visuomotor tracking task.
DAY0 was followed by 3 d of practice, i.e., DAY1, DAY2, and DAY3. For
practical reasons, DAY1 and DAY2 were consecutive days whereas there
was 1 d of rest between DAY2 and DAY3. The first (DAY1) and the last
(DAY3) days of practice were conducted in the actual MRI scanner,
whereas the second day (DAY2) was performed in the dummy scanner.
Finally, a DR test was administered in the actual MRI scanner 6 d after the
last day of practice.

Behavioral procedure
Instrumentation and task description
Participants laid in a supine position on the extendible table of the actual
MRI or dummy scanner. The task device, a non-ferromagnetic apparatus
with two dials (diameter � 5 cm) for movement recording, was posi-
tioned over the participants’ legs and fixated in the lateral ramps of the
MRI table (Fig. 2A). The dials could be adjusted to the participants’
anthropometry and had an angle of �45° for comfortable handling. To
prevent excessive head movements during task performance, foam

Table 1. Group information

Group Number of participants

Mean � SD

Age (years) MoCA

YA-blocked 16 (8 female) 22.1 � 2.2 28.4 � 1.4
YA-random 16 (8 female) 21.4 � 1.2 28.3 � 1.4
OA-blocked 14 (6 female) 66.2 � 4.3 27.3 � 1.9
OA-random 14 (6 female) 66.8 � 3.9 28.1 � 2.0
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cushions were placed around the participant’s head. Visual stimuli were
displayed by means of an LCD projector (Barco 6300, 1280 � 1024
pixels) onto a double mirror placed in front of the participant’s eyes.
Participants were instructed to produce a set of complex bimanual coor-
dination patterns, requiring rotational movements of both hands simul-
taneously. Movements were made by manually turning the handle of
the dials. Angular displacements were registered by means of non-
ferromagnetic high-precision optical shaft encoders (2048 pulses per rev-
olution; sampling frequency, 100 Hz), fixed to the movement axes of
both dials. This enabled registration of kinematics as well as displaying
on-line visual information.

The task was similar to the one used by Pauwels et al. (2014, 2015). The
aim was to follow a white target dot along a blue target line on the screen.
To perform the required movement, participants rotated both dials
simultaneously by holding each handle between the thumb and index
finger. During feedback trials, a yellow cursor showed the current posi-
tion so that the deviation from the target dot could be corrected. The left
dial controlled the vertical component of the participant’s cursor, such
that when turning it clockwise, the cursor moved up and when turning it
counterclockwise, the cursor moved down. The right dial controlled the
horizontal component of the participant’s cursor, such that when turn-
ing the dial clockwise or counterclockwise, the cursor moved right or left,
respectively.

A blue target line indicated the main coordination directions: the two
hands could rotate clockwise (CW), counterclockwise (CCW), inward
(IN), or outward (OUT; Fig. 2B). The latter two coordination directions
were not used in the current training protocol; however, they were used
for the instructions given before testing to maximize understanding of
the rules of the task. Each coordination direction could be performed at

different frequency ratios, which were visual-
ized by the slope of the target line (Fig. 2B). A
target line with a 45° slope indicated a 1:1 fre-
quency ratio, whereby both hands were re-
quired to rotate at equal speeds. We used the
convention of referring to the left hand first
and the right hand second, i.e., L:R. For exam-
ple, a 1:2 frequency ratio required the right
hand to move twice as fast as the left hand. In
this study, coordination direction (CW and
CCW) and frequency ratios (1:1, 2:3, and 1:2)
were used to provide an extra dimension of
complexity to the task during learning.

Three different types of feedback conditions
were used to prevent reliance on feedback and
to optimize learning (Kovacs and Shea, 2011;
Pauwels et al., 2014, 2015): concurrent visual
feedback (cFB), after-trial feedback (atFB), and
no feedback (NFB; Fig. 3A). In all conditions,
the blue target line and the white target dot
were presented. The white target dot was first
covered by a yellow cue that indicated whether

feedback would be given in the upcoming trial. The cue and target dot
remained motionless in the center of the screen for 2 s. No movement was
required, but the subject was instructed to plan the movement (planning
phase). When the yellow cue disappeared, the execution phase started
and lasted 9 s. During the execution phase, the white target dot moved
with constant speed starting from the center of the display, along the blue
target line, toward the periphery. The goal of each trial was to closely
track the target line by turning the two dials in the proper direction and
to control the relative velocity between the two hands such that the
correct frequency ratio could be produced. The intertrial interval lasted
3 s in which a black screen was presented. In the cFB condition, current
performance was visualized on-line by a yellow cursor that contained the
most recent information of the participants’ movement track (1 s), upon
which movements could be corrected. During atFB trials, no yellow cur-
sor was shown, and only the blue target line and the white target dot were
presented. Feedback was provided immediately after each atFB trial (with
a total duration of 1 s) by presenting a motionless representation of a
participant’s produced line, along with the target line, indicating the
discrepancy between the produced and the required movement. This
atFB line consisted of green and red parts, indicating whether the relative
velocity between the two hands was correct (i.e., either on or parallel with
the target line), or not, respectively. In NFB trials, the blue target line and
the moving white target dot were also presented, but neither cFB nor
atFB was provided. Thus, in both the atFB and NFB conditions, partici-
pants were required to track the target pathway without concurrent vi-
sual guidance.

We also included no-move trials to provide a baseline measure for the
fMRI analyses. Instead of a yellow cue, no-move trials were preceded by

Figure 1. Overview of experimental sessions. Each participant completed a training protocol consisting of a baseline session (DAY0), 3 d of practice (DAY1, DAY2, and DAY3) and a DR test. DR
consisted of a blocked (DR-B) and random (DR-R) test, which was counterbalanced across participants. Whereas no feedback was provided during DAY0 and DR, a feedback protocol in which 50%
of the trials were provided with cFB and 50% of the trials with atFB was used during the training sessions. To assess task-related brain activity, fMRI was acquired during early (DAY1) and late (DAY3)
phases of acquisition as well as during DR.

Figure 2. A, Experimental setup in the (dummy or actual) scanner. Participants lay in a supine position on the table of the MRI
or dummy scanner with the task device positioned over the participants’ upper legs. B, All possible bimanual directional combi-
nations (n � 2) and frequency ratios (n � 3). Schematic representation of the target lines presented into two possible coordina-
tion directions (CW and CCW) and three frequency ratios (1:1, 2:3, and 1:2).
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a pink cue (Fig. 3B). The order of the no-move
trials was semirandomized, and they were in-
cluded in each task block in a way that one-
third of a block consisted of no-move trials.
This was also the case during the sessions
inside the dummy scanner (DAY0 and
DAY2) to keep experimental settings as sim-
ilar as possible.

Experimental design
The behavioral design used in the current ex-
periment was similar to the one used by Pau-
wels et al. (2014). Participants learned three
different frequency ratios (1:1, 2:3, and 1:2) in
two coordination directions (CW, CCW), i.e.,
six different trial types over 3 practice days
within 1 week. The six trial types were
trained either under a blocked or a random
practice schedule.

Baseline (DAY0). Before testing, participants
were informed about the basic requirements to
perform the task, i.e., knowledge of the differ-
ent directions and their associated rotations
(CW, CCW, IN, and OUT). No information
was given on how to produce the different fre-
quency ratios. To assess whether every subject
understood the basic requirements of the task,
a familiarization block consisting of four trials,
i.e., a 1:1 frequency ratio in each coordination
direction (CW, CCW, IN, and OUT), was con-
ducted. To assess baseline performance, i.e.,
without prior practice of the to-be-trained trial
types, participants performed 12 NFB move
trials, i.e., four trials per frequency ratio. Fre-
quency ratios during baseline were presented
in a blocked manner; however, this was coun-
terbalanced across participants (cfr. three dif-
ferent practice orders used in the acquisition
phase). Only NFB trials were presented to pre-
vent learning from on-line visual or after-trial
feedback.

Acquisition phase (DAY1–DAY2–DAY3). The
acquisition phase took 3 d. Participants in the
blocked condition trained one frequency ratio
per day. In this condition, the order of the
trained frequency ratios was counterbalanced
over practice days following one of three prac-
tice orders on DAY1, DAY2, and DAY3, re-
spectively; practice order 1 was 1:1, 2:3, and 1:2;
practice order 2 was 1:2, 1:1, and 2:3; practice
order 3 was 2:3, 1:2, and 1:1. Within each prac-
tice day, each frequency ratio was first trained
in the CW direction (blocks 1–3) before being trained in the CCW coor-
dination direction (blocks 4 – 6). Each block contained 24 moving trials,
and 1 min of rest was provided between blocks. Participants in the ran-
dom condition were exposed to all three frequency ratios (in two coor-
dination directions) following a randomized order during every block,
i.e., eight trials per frequency ratio in each block, of each practice day. The
number of practice trials for every frequency ratio was equal for the two
CI conditions. At the end of practice, a total of 432 move trials were
completed, of which 50% were with cFB and 50% were with atFB. The
reason behind implementation of atFB trials during practice was to
optimize learning and to prevent reliance on concurrent visual feed-
back, as the retention test was conducted without any visual guidance
(see also Pauwels et al., 2014, 2015). Approximately 60 min were
needed to finish six practice blocks (1 practice day). For an overview
of the acquisition phase, see Figure 4.

Delayed retention. Six days after the last day of practice (DAY3), par-
ticipants came back for a DR test to assess the practiced frequency ratios.

Two retention schedules, i.e., blocked DR (DR-B) and randomized DR
(DR-R), were used in both practice schedule groups to ensure that ac-
quisition–retention compatibility was similar for the two CI conditions.
Both the DR-B and DR-R consisted of 24 NFB move trials, i.e., eight trials
per frequency ratio. Therefore, a total of 48 move and 24 no-move trial
scans were acquired during DR. The order of DR-B and DR-R was coun-
terbalanced. Additionally, the order in which frequency ratios appeared
in DR-B was counterbalanced according to one of the three practice
orders mentioned above. During DR-R, the trained coordination pat-
terns were presented randomly. DR-B and DR-R runs each took 10 min
to complete. During both retention blocks, only NFB trials were pre-
sented to participants to prevent learning from on-line visual feedback or
after-trial feedback.

Imaging procedure
A Philips Achieva 3-T magnetic resonance scanner (Philips Healthcare)
with a 32-channel head coil was used. Three-dimensional T1-weighted
images [magnetization prepared rapid gradient echo; time repetition/

Figure 3. A, Three types of FB conditions. Concurrent visual feedback, provided by a yellow cursor indicative of subjects’ current
position, was only provided in the cFB condition. In the after-trial feedback condition, a motionless representation of the produced
red line was provided after trial completion, whereas no concurrent feedback was provided during the execution phase. In the no
feedback condition, no concurrent or after-trial feedback was provided. Every trial started with a planning phase of 2 s in which a
yellow cue, which indicated whether cFB would be given in the upcoming trial, was presented. During the execution phase, the
white target dot moved with constant speed along the blue target line for 9 s. In each condition, the intertrial interval (ITI), i.e., the
time between each trial where no movement performance was required, lasted 3 s. During ITI, atFB was provided for 1 s in the atFB
condition and a black screen was presented in the cFB and NFB conditions. B, No-move reference trials. No-move reference trials
were preceded by a pink cue, and they were included to provide a baseline measure for the fMRI analyses.
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time echo (TR/TE), 9.6 ms/4.6 ms; 0.98 � 0.98 � 1.2 mm voxel size; field
of view, 192 � 250 � 250; 160 coronal slices; scan time, �7 min] were
acquired for image registration of fMRI runs. Next, a field map was
acquired to address local distortions. While participants were perform-
ing the bimanual coordination task on DAY1 (six runs), DAY3 (six runs),
and DR (two runs), functional images were acquired. The fMRI runs
consisted of 41 ascending gradient echo planar images (EPIs) for T2-
weighted functional images (TR/TE, 3000 ms/30 ms; flip angle, 90°; 54
parallel axial slices with a slice thickness of 2.5 mm; interslice gap, 0.2
mm; in-plane resolution, 2.5 � 2.5 mm; 82 � 84 matrix). Each fMRI run
took almost 10 min and consisted of 24 move and 12 no-move trials.

Analysis
Behavioral analysis
Dependent measures. Behavioral data were recorded and analyzed with
Labview (version 8.5; RRID:SCR_014325) software (National Instru-
ments). The x and y positions of the target dot and the subjects’ cursor
were sampled at 100 Hz. Off-line analysis was performed using Matlab
(R2014b; RRID:SCR_001622) and Microsoft Excel 2013. Performance
accuracy was measured by calculating the error rate based on the average
track deviation (ATrD). That is, for each trial, the track deviation was
measured as the Euclidian distance between the blue target line and the
cursor position at each point in time, and then the track deviations within
the trial were averaged. Better performance is thus reflected by lower
values of ATrD. For the acquisition phase analyses, data were averaged
across every set of three data points in time, which resulted in 12 acqui-
sition phase data points (TR1, TR2, . . . , TR12). Since different coordi-
nation directions (CW and CCW) were used only to provide an extra
dimension of complexity to the task (as participants needed to alternate
between them), CW and CCW data were collapsed. For the sake of sim-
plification, we also chose to collapse the data from different frequency
ratios. This decision was based on a control analysis performed with a
[2 � 2 � 12 � 3 (CI (blocked, random)) � Age (young, old) � Time
(TR1-12) � Frequency ratio (1:1, 2:3 and 1:2)] repeated-measure
ANOVA with CI and Age as between-subject factors and Time and
Frequency ratio as within-subject factors. This analysis revealed a signif-
icant main effect of Frequency ratio (F(2,112) � 136, p � 0.001). Post hoc
(Tukey’s) analysis revealed that the 1:1 frequency ratio was easier to

perform than the 2:3 and 1:2 frequency ratios,
whereas performance during the latter two did
not significantly differ from each other ( p �
0.05). This is in line with previous studies in
our group (Sisti et al., 2011; Pauwels et al.,
2014, 2015). A significant Frequency ratio �
Time interaction (F(22,1232) � 1.833, p � 0.01)
indicated that over time, performance evolved
differently across Frequency ratios. More spe-
cifically, performance improved to a greater
extent in the 2:3 and 1:2 frequency ratios com-
pared with the 1:1 frequency ratio, especially at
the beginning of practice. Importantly, the
effects of Age and CI did not interact with Fre-
quency ratio, as there were no significant Fre-
quency ratio � Time � CI effect (F(22,1232) �
0.845, p � 0.67), Frequency ratio � Time �
Age effect (F(22,1232) � 1.093, p � 0.347), or
Frequency ratio � Time � CI � Age effect
(F(22,1232) � 0.793, p � 0.737) interaction ef-
fects. As none of the between-subject factors of
interest (i.e., CI and Age) significantly inter-
acted with Frequency ratio � Time, we elected
to collapse data across Frequency ratios for
subsequent analyses.

To assess how performance evolves in each
practice group when no visual guidance was
provided, i.e., when participants produce move-
ments primarily based on the internal represen-
tation of the movement patterns instead of
having the opportunity to make on-line correc-
tions based on external visual information,

only trials without concurrent visual feedback were used for the behav-
ioral analyses of the acquisition phase data (216 trials in total). Baseline
and retention tests consisted of only NFB trials; hence the ATrD from all
the move trials within baseline, DR-B, and DR-R were averaged to have
one data point for each block.

In addition to the absolute error measurement (ATrD), we also exam-
ined the amount of skill loss between acquisition and delayed retention
for each participant. Therefore, a forgetting score was calculated for each
participant and was defined as the difference between the performance
error of DR and the end of acquisition (TR12). To reduce the positive
skew that was present in our data, data were log-transformed (base 10
logarithm).

Statistical analysis. Statistical analyses were conducted using Statistica
(version 13.1; RRID:SCR_014213). For all the analyses, the critical prob-
ability level was set at p � 0.05, two-sided. When significant effects were
found, post hoc analyses were conducted using Tukey’s HSD.

To assess whether performance before practice differed across age and
CI groups, baseline performance was analyzed using a 2 � 2 [Age (YA,
OA) � CI (blocked, random)] factorial ANOVA. Acquisition phase data
were analyzed using a 2 � 2 � 12 [Age (YA, OA) � CI (blocked, ran-
dom) � Time (TR1-12)] repeated-measures ANOVA with Age and CI as
between-subject factors and Time as the within-subject factor. To assess
retention performance, a 2 � 2 � 2 [Age (YA, OA) � CI (blocked, ran-
dom) � Retention Order (DR-B, DR-R)] repeated-measures ANOVA was
conducted with Age and CI as between-subject factors and Retention
Order as the within-subject factor. Furthermore, we investigated whether
individuals with greater rate of performance improvement during the
acquisition phase had better retention performance and whether this was
dependent on the CI practice group. Results of the latter analysis are
reported in the supplemental material.

We aimed to test whether random practice, compared with blocked
practice, leads to better skill persistence in both age groups (Pauwels et
al., 2015). To do so, planned comparisons of least-square means were
conducted on the full model [2 � 2 � 15 (Age � CI � Time) ANOVA]
to test the hypothesized differential change in performance, i.e., differ-
ence in post-acquisition processes from the end of acquisition to delayed
retention between the two CI conditions. Furthermore, a 2 � 2 [Age (YA,

Figure 4. Blocked and random training schedules. Participants following blocked practice trained one frequency ratio per day,
whereas participants following random practice were exposed to all three frequency ratios (following a random practice order)
during each block of each practice day. Each practice day consisted of six blocks, each including 24 move and 12 no-move trials. The
number of practice trials for each frequency ratio was identical for blocked and random practice groups.
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OA) � CI (blocked, random)] factorial ANOVA was conducted to test
the influence of CI on skill forgetting from end of acquisition to DR in
both age groups.

Imaging analysis
Imaging data were analyzed using the FMRIB Software Library (FSL 5.0;
RRID:SCR_002823; Smith, 2004; Woolrich et al., 2009). First, the Brain
Extraction Tool was used on the T1 and field map images to extract brain
from the dura and skull. The fMRI data were preprocessed using FEAT
(FMRI Expert Analysis Tool) from FMRIB’s Software Library. MCFLIRT
motion correction was used to realign EPIs to the middle volume of each
run, and a high-pass filter with a cutoff of 200 s was used. Subsequently,
B0 field map unwarping was performed to correct for geometric distor-
tion. Slice timing correction was applied along with spatial smoothing
using a full-width half-maximum of 5 mm. EPIs were coregistered to the
T1 image (Boundry-based registration) and subsequently to the MNI
(Montreal Neurological Institute) template using FNIRT (12 DoF affine
transformation). For a number of subjects (n � 3 per group), the non-
linear registration did not work adequately and was replaced by a linear
transformation (FLIRT). One older participant was excluded from the
analysis as neither FNIRT nor FLIRT led to a tolerable registration. Re-
gressors of the conditions of interest (move FB, move NFB, no-move FB,
and no-move NFB) and their first temporal derivatives were defined for
the execution (9 s) phase of each condition. Error scores of the partici-
pant were also included in the models as linear parametric modulators.
ICA-based automatic removal of motion artifacts (ICA-AROMA) was
used to remove motion-related ICA components from the fMRI data
(Pruim et al., 2015). In addition, time series from the white matter and
CSF masks were added as additional confound explanatory variables in
FEAT to disregard volumes with motion artifacts.

After the first-level analysis, for each participant three second-level
fixed-effect models were performed: the first fixed-effect model col-
lapsed trials across the 12 runs of training to investigate the overall
acquisition phase effect (DAY1–DAY3), the second fixed-effect model
collapsed across 6 runs within each day of training to investigate Time
effect (DAY1 and DAY3 separately), and the third fixed-effect model
collapsed across 2 runs of DR as the effect of retention order (DR-B and
DR-R) was not significant in the behavioral results (see Results for more
detail). Examining neural recruitment patterns of different types of feed-
back were beyond the scope of this study. For each second-level fixed-
effect model, linear contrasts testing for the main effect of movement
(i.e., move vs no-move) regardless of FB conditions (there was an equal
number of trials with cFB and atFB within each run) were written. At the
group level, three models were designed. Model1 investigated differences
in the neural activation between blocked and random practice conditions
(main effect of CI) during the overall acquisition phase (DAY1–DAY3)
across the two age groups. As we hypothesized that the effect of Time
from the early (DAY1) to late (DAY3) phase of learning would be differ-
ent between CI conditions within each Age group, Model2 investigated
the Time � CI effect in OA and YA, separately. Last, Model3 tested the
effects of CI and the interaction with Age on DR data (DR-B and DR-R
collapsed). Higher-level group analyses were conducted using the random-
effects model of FSL (FLAME1). A gray matter mask was created such that
only gray matter voxels were included. All fMRI analyses were conducted
using Gaussian Random Field Theory at the cluster level using Z � 2.3
and a cluster probability threshold of p � 0.05. The activation peak of
each cluster will be reported together with local maxima if the cluster
spans multiple regions. Labeling of areas was based on the “Harvard–
Oxford cortical structural atlas” and “Harvard–Oxford subcortical struc-
tural atlas” (Frazier et al., 2005; Desikan et al., 2006; Makris et al., 2006;
Goldstein et al., 2007) and the “Juelich histological atlas” (Eickhoff et al.,
2005, 2006, 2007) in FSL. The “Cerebellar atlas in MNI152 space after
normalization with FNIRT” was used for identifying cerebellar struc-
tures (Diedrichsen et al., 2009).

Results
Behavioral results
Results of the behavioral analyses are represented in Table 2 and
Figure 5.

With respect to baseline performance, the 2 � 2 (Age � CI)
ANOVA revealed a main effect of Age, indicating that before
practice, YA performed the task better than OA. There was no
significant main effect of CI, indicating that there was no differ-
ence in the baseline performance between CI practice conditions.
This was the case for both age groups, as there was no significant
Age � CI interaction effect.

Regarding the acquisition phase, a main effect of Time was
observed, indicating an overall improvement of performance
over the course of training in both age groups. We found that OA
showed lower performance compared with YA, reflected by a
main effect of Age. Moreover, a Time � Age interaction effect
was observed indicating that performance of YA improved to a
larger extent compared with OA, with larger performance differ-
ences at the end (p � 0.001) compared with the beginning (p �
0.05) of practice. Nevertheless, the post hoc test indicated that
both age groups significantly improved their performance from
TR1 to TR12 (p � 0.001 for both YA and OA). Furthermore, a
main effect of CI was observed showing that the overall perfor-
mance level during the acquisition phase was better when follow-
ing blocked compared with random practice. This was the case in
both age groups, as the interaction effect of Age � CI was not
significant. Furthermore, we found a trend toward significance
for the Time � CI interaction effect, indicating that performance
in the blocked group was better at the beginning of acquisition
(TR1, p � 0.05), but this performance benefit became less pro-
nounced at the end of acquisition (TR12, p � 0.05) as the random
condition showed more improvement over the course of train-
ing. This effect was observed in both age groups, as no significant
interaction effect of Time � CI � Age was observed.

Analysis of retention data showed a main effect of CI indicating
better retention performance following random relative to blocked
practice. This holds for both age groups, as no significant inter-
action effect of Age � CI was found. However, a main effect of
Age was observed, indicating that OA had more difficulty per-
forming the task compared with YA, reflected by higher error

Table 2. Behavioral results

df1, df2 F p

Baseline
Age 1, 56 9.382 0.003**
CI 1, 56 0.001 1
Age � CI 1, 56 0.001 0.972

Acquisition phase
Age 1, 56 36.148 �0.001***
CI 1, 56 14.823 �0.001***
Age � CI 1, 56 0.807 0.373
Time 11, 616 52.475 �0.001***
Time � Age 11, 616 3.416 �0.001***
Time � CI 11, 616 1.782 0.054
Time � Age � CI 11, 616 0.597 0.832

Delayed retention
Age 1, 52 9.540 0.003**
CI 1, 52 12.003 0.001**
Age � CI 1, 52 0.217 0.463
Retention Order 1, 52 0.105 0.747
Retention Order � Age 1, 52 0.327 0.570
Retention Order � CI 1, 52 2.652 0.109
Retention Order � Age � CI 1, 52 0.165 0.686

Skill forgetting
Age 1, 56 0.748 0.390
CI 1, 56 41.747 �0.001***
Age � CI 1, 56 0.697 0.407

**p � 0.01; ***p � 0.001.
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scores during retention. To ensure that acquisition–retention
compatibility was similar for the two CI conditions, retention was
acquired following a blocked (DR-blocked) and a random (DR-
random) retention order. However, retention performance was not
influenced by the order in which retention was obtained, as there
was neither a significant main effect of Retention Order nor sig-
nificant interaction effects of Retention Order � Age, Retention
Order � CI, or Retention Order � Age � CI.

Planned comparisons revealed a significant difference be-
tween random and blocked practice from the end of acquisition
(TR12) to DR in both young and older adults (p � 0.001 for both
YA and OA). In other words, participants who followed random
practice during the acquisition phase retained their skill to a
higher degree compared with participants who followed a

blocked practice. Moreover, the 2 � 2
(CI � Age) ANOVA on forgetting scores
revealed that following random practice,
OA were similarly able to retain their skill
compared to YA.

Imaging results
Model1: Main effect of CI during the
acquisition phase
The first model (Model1) assessed dif-
ferences in the neural activation during
move trials (compared with no-move tri-
als) between blocked and random practice
conditions during the overall acquisition
phase (averaged across the first and last
days of practice and both age groups).
Brain regions showing significant activa-
tion in each contrast are listed in Table 3.
Compared with random practice, blocked
practice induced more activation in the
sensorimotor areas [bilateral M1, bilateral
primary somatosensory cortex (S1), left
supplementary motor area (SMA), and
left dorsal PM], cerebellar areas (bilateral
lobe I–IV and right crus I), and right mid-
dle temporal gyrus (MTG), including
right temporal pole. In contrast, ran-

dom practice, compared with blocked practice, highly recruited
the regions important in visual processing, such as right human
middle temporal complex (hMT/V5�), bilateral lateral occipital
cortex (LOC), right posterior precuneus and left inferior tempo-
ral gyrus (ITG), as well as paralimbic cortical structures such as
right paracingulate gyrus and right posterior cingulate cortex
(PCC).

Model2: Time � CI within YA and OA during the
acquisition phase
Model2 assessed whether brain activity was differently modulated
from early (DAY1) to late (DAY3) phases of learning between dif-
ferent CI groups (Time � CI interaction). Clusters showing a signif-
icant interaction effect of Time � CI in YA and OA are listed in
Tables 4 and 5, respectively.

In YA, a significant Time � CI interaction effect was observed
in a set of regions including frontal, parietal, temporal, motor,
and cerebellar areas. Inspection of the time effect within each CI
group revealed decreased activity in the typical motor-related
areas (bilateral SMA, bilateral M1, and bilateral S1 and various
cerebellar subregions such as right vermis VIIIa; for extending re-
gions, see Table 4) throughout the process (i.e., from DAY1 to
DAY3) of blocked practice, whereas activity in these regions was
stable over time during random practice (Fig. 6A). The same pattern
of activity was found for the bilateral superior frontal gyrus and left
parietal operculum. That is, a decrease in activity after blocked prac-
tice, whereas during random practice, activity in these regions did
not change. The only region that showed higher activity in random
practice on DAY3 compared with DAY1 was right temporal gyrus
(ITG: for extending regions, see Table 4). This is because activity in
this region did not change over the course of blocked practice.

In OA, a significant Time � CI interaction effect was observed
in a set of regions including motor, cerebellar, temporal, and
subcortical regions as well as regions associated with the default
mode network (DMN). Inspection of the effect revealed a similar
pattern as in YA, in which the blocked groups relied more on the

Figure 5. Behavioral results. The error score (ATrD, i.e., the log-transformed average track deviation) for baseline, acquisition
phase (TR1–TR12), and DR (mean � SE) is shown. Within each age group, i.e., young (YA, solid line) and older (OA, dashed line)
adults, the bimanual task was practiced following either a blocked (circles) or random (squares) schedule. Better performance is
reflected by lower levels of ATrD. Performance of OA was significantly lower compared with performance of YA during baseline
( p � 0.01), acquisition phase ( p � 0.001), and DR ( p � 0.01), reflected by higher levels of ATrD. In both age groups, random
practice was detrimental during the acquisition phase ( p � 0.001) but resulted in better retention performance ( p � 0.01)
compared with blocked practice.

Table 3. Model1: Main effect of CI during the acquisition phase

Brain region
Peak activation
coordinates (x, y, z) Z value p value

Blocked � random
R M1, also R S1 16 	30 66 5.43 �0.001
L SMA; also L M1, L S1, and L PMd 	10 	18 66 5.56 �0.001
L/R CER lobes I–IV 0 	48 	4 3.92 0.005
R anterior MTG, also R temporal pole

and R amygdala
50 2 	28 4.51 0.007

R CER CR1, also R CER lobe VIIb and
R CER lobe VI

46 	54 	30 4.79 0.022

Random � blocked
R hMT/V5�, also R temporo-occipital

and posterior MTG
58 	64 	12 5.45 �0.001

L superior LOC 	32 	74 32 5.42 �0.001
R posterior precuneus, also R superior LOC 10 	76 48 4.15 �0.001
R medial frontal/paracingulate gyrus,

also R SFG
10 24 44 5.26 �0.001

L temporo-occipital ITG 	64 	48 	16 4.04 0.006
R PCC, also R ACC 8 	24 28 4.48 0.011

Shown are locations of main cluster activation peaks (MNI coordinates) and Z scores for brain regions showing a main
effect of CI (Z � 2.3; cluster significance: p � 0.05, corrected). R, Right; L, left; PMd, dorsal premotor cortex; CER,
cerebellum; CR1, crus 1; ACC, anterior cingulate cortex.
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sensorimotor (right SMA, bilateral S1, and bilateral M1) and
cerebellar (left lobe VI and right lobe Vl; for extending regions,
see Table 5) regions during the first day compared with the last
day of practice. On the contrary, OA who followed a random

practice schedule showed an increased dependence on these re-
gions throughout the process of practice (Fig. 6B). A similar pat-
tern of activation was found in left ventral PM and right insula
(for extending regions, see Table 5), i.e., a decrease in activity was

Table 4. Model2: Time � CI within YA during the acquisition phase

Brain region Peak activation coordinates (x, y, z) Z value p value

YA-blocked (DAY1�DAY3) � YA-random (DAY1�DAY3)
R CER vermis VIIIa; also L CER CR1, L CER lobes I–IV, R CER VIIb, and L CER lobe VI 2 	68 	38 5.45 �0.001
L/R SFG, also R paracingulate gyrus and L frontal pole 0 50 46 4.55 �0.001
L S1; also L M1 and L/R SMA 	20 	38 74 6.27 �0.001
L SMA; also R SMA, R ACC, L PCC, and L precuneus 	4 	16 52 4.89 0.002
L parietal operculum cortex, also L supramarginal gyrus and L planum temporale 	54 	26 18 4.73 0.004
R S1, also R M1 26 	36 70 5.36 0.015
R anterior ITG; also R anterior MTG, R planum polare, R temporal pole, and R insula 46 	2 	36 3.91 0.033

YA-random (DAY1�DAY3) � YA-blocked (DAY1�DAY3)
No significant clusters

Shown are locations of main cluster activation peaks (MNI coordinates) and Z scores for brain regions showing a significant Time � CI interaction effect from DAY1 to DAY3 acquisition phase in YA (Z � 2.3; cluster significance: p � 0.05,
corrected). R, Right; L, left; CER, cerebellum; CR1, crus 1; SFG, superior frontal gyrus; ACC, anterior cingulate cortex.

Table 5. Model2: Time � CI within OA during the acquisition phase

Brain region
Peak activation
coordinates (x, y, z) Z value p value

OA-blocked (DAY1�DAY3) � OA-random (DAY1�DAY3)
R SMA, also R S1 and R M1 10 	12 58 5.79 �0.001
L CER lobe VI; also L CER lobe V, L CER lobes I–IV, and R CER vermis VIIIa 	28 	48 	30 5.36 �0.001
L S1, also L M1 	52 	30 60 5.58 �0.001
L PMv; also L central opercular cortex, L posterior STG, L temporo-occipital MTG, and inferior LOC 	62 0 30 5.15 �0.001
R CER lobe V, also R CER lobes I–IV 18 	42 	16 4.51 0.001
R insula; also R central opercular cortex, R PMv, and R planum polare 40 4 0 4.29 0.002
L planum polare, also L central opercular cortex and L temporal pole 	50 	2 	4 5.13 0.003

OA-random (DAY1�DAY3) � OA-blocked (DAY1�DAY3)
L ventral precuneus; also L/R angular gyrus, L hippocampus, and L PCC 	4 	38 50 5.95 �0.001
L SFG, also L frontal pole and L IFG 	26 30 52 4.64 �0.001
L/R medial PFC, also L SFG 0 52 20 5.18 �0.001
R CER CRII, also R occipital fusiform gyrus 24 	78 	40 4.54 �0.001
L anterior MTG; also posterior temporal fusiform cortex, L frontal orbital cortex, L temporal pole, L amygdala, and L hippocampus 	46 0 	28 4.53 �0.001
R pallidum; also R putamen, R hippocampus, and R amygdala 28 	16 	2 5.37 0.001
R temporal pole;, also R anterior STG, R anterior ITG, R anterior temporal fusiform cortex, and R anterior MTG 34 10 	32 4.84 0.004
R occipital cortex V1, also L occipital cortex V1 and V2 6 	92 0 3.98 0.004
L caudate, also L/R thalamus 	12 2 24 4.11 0.005

Shown are locations of main cluster activation peaks (MNI coordinates) and Z scores for brain regions showing a significant Time � CI interaction effect from DAY1 to DAY3 acquisition phase in OA (Z � 2.3; cluster significance: p � 0.05,
corrected). R, Right; L, left; CER, cerebellum; PMv, ventral premotor cortex; STG, superior temporal gyrus; SFG, superior frontal gyrus; IFG, inferior frontal gyrus; V1, primary visual area; V2, secondary visual area.

Figure 6. BOLD signal extracted from brain regions showing a significant Time � CI interaction effect (Model2) in YA (A) and OA (B) adults. Throughout practice (DAY1 to DAY3), activity in motor
and cerebellar regions decreased as a function of blocked practice, whereas after random practice, activity in these regions was either preserved (in YA) or increased (in OA). Clusterwise threshold
Z � 2.3; p � 0.05. Error bars represent SE. CER, Cerebellum

3340 • J. Neurosci., March 28, 2018 • 38(13):3333–3345 Pauwels, Chalavi et al. • Neural Basis of the Contextual Interference Effect



found throughout the process of blocked practice whereas the
opposite effect, i.e., increase in activity, was observed over the
course of random practice. Also, increased activity from the first
to the last day of practice was observed in the left anterior supe-
rior temporal gyrus in random compared with blocked practice.
Conversely, activity in the right pallidum (also including right
putamen) and left caudate (also including bilateral thalamus) in-
creased when practice progressed following blocked practice,
whereas this was not the case following random practice.

Interestingly, OA showed a general pattern of results whereby
activity in regions typically associated with the DMN was modu-
lated differently through the course of the different CI practice
schedules (Table 5; Fig. 7A,B). More specifically, activity in the
left precuneus, bilateral angular gyrus, bilateral hippocampus,
left PCC, bilateral medial, and bilateral lateral temporal cortex
(mainly MTG and temporal pole) showed a decrease throughout
the process of random practice whereas the opposite effect, i.e.,
increase in activity from DAY1 to DAY3, was found following
blocked practice. This appears to suggest an increasing deactiva-
tion of areas of the default mode network as a result of the more
challenging random practice condition.

Model3: Main effect of CI and interaction effect of CI � Age
during DR
Model3 assessed the effects of CI as well as its interaction with Age
on brain activity during DR. Brain regions showing significant
activation in each contrast are listed in Table 6.

During DR, blocked practice groups relied more on motor-
related areas, such as left SMA and bilateral M1, and subcortical
areas, i.e., caudate nucleus and putamen, compared with random
practice groups. By contrast, visual processing regions, such as
right LOC, bilateral posterior precuneus, and right occipital cor-

tex V1/V2 were more active following random compared with
blocked practice. Interestingly, a significant Age � CI interaction
effect was observed in the left PCC (considered to be part of the
default mode resting-state network; Fig. 8A). Inspection of this
effect revealed lower brain activation in OA following random
compared with blocked practice, whereas the activity in this re-
gion did not differ between blocked and random groups in YA. In
fact, further exploratory analysis (Pearson’s correlation) in OA
showed that activity in PCC was positively correlated with DR
error score (r � 0.61, p � 0.01) across the two practice schedules,
indicating that lower PCC activation was associated with lower
error (better performance) on DR, regardless of the practice
schedule that the participant was trained under (Fig. 8B).

Figure 7. DMN regions showing a significant Time � CI interaction effect (Model2) in OA adults. A, Activation maps of the Time � CI interaction in OA were overlaid on a mni152 template using
MRIcroGL. The color map depicts Z values. B, BOLD signal (mean � SE) extracted from voxels associated with DMN showing a significant Time � CI interaction effect. Clusterwise threshold Z � 2.3;
p � 0.05.

Table 6. Model3: CI effect during delayed retention

Brain region
Peak activation
coordinates (x, y, z) z value p value

Blocked � random
L caudate, also L putamen 	16 18 10 4.28 0.024
L SMA, also L/R M1 	8 	18 68 3.59 0.037

Random � blocked
R superior LOC, also L/R posterior

precuneus and R occipital cortex V1/V2
26 	84 14 4.14 �0.001

Age � CI 
OA(blocked � random) �
YA(blocked � random)�

L posterior cingulate, also L central
precuneus

	18 	30 38 3.98 0.002

Shown are locations of main cluster activation peaks (MNI coordinates) and Z scores for areas showing a main effect
of CI and Age � CI interaction effect (Z � 2.3; cluster significance: p � 0.05, corrected). R, Right; L, left; V1, primary
visual area; V2, secondary visual area.
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Discussion
We examined the neural correlates of the CI effect while learning
a bimanual coordination task in young and older adults. At the
behavioral level, the typical CI effects were confirmed in both age
groups. More specifically, random compared with blocked prac-
tice was more challenging during the acquisition phase, resulting
in inferior levels of performance but leading to better subsequent
retention (Shea and Morgan, 1979). Furthermore, the beneficial
effects of random practice were preserved at older age (Lin et al.,
2012; Pauwels et al., 2015). At the neural level, we demonstrated
differences in task-related brain activations associated with dif-
ferent types of practice context beyond the traditionally used
key-press-based sequential learning tasks. In both age groups,
blocked compared with random practice activated motor-related
brain regions, and recruitment of these regions decreased as a
function of practice. Blocked practice also resulted in greater re-
liance on the SMA and striatum during skill retrieval. In contrast,
the richer context of random practice required enhanced pro-
cessing of visual information during both skill acquisition and
retrieval, underscoring the task-dependent nature of the benefi-
cial CI effects. Importantly, to the best of our knowledge, we
provided the first evidence that DMN activity was modulated
differently as a function of different practice schedules in older
adults. We hypothesize that the extra challenge provided by the
random practice schedule triggered age-related neuroplastic
functional changes in the DMN, resulting in increased segrega-
tion of the task-related and DMN activations, ultimately leading
to better retention performance.

Our findings indicated higher activation in motor-related
brain regions following blocked practice and in visual (motion)
processing regions following random practice. At first sight, these
findings might seem to be in contrast with previous reports of
greater involvement of sensorimotor (mainly M1), premotor
(PM and SMA), prefrontal (DLPFC), and parietal (PPC) regions
during skill acquisition under a random versus a blocked practice
regime (for review, see Lage et al., 2015; Wright et al., 2016).
However, as mentioned previously in the Introduction, the pre-
vious neuroscientific studies investigating the CI effect com-

monly used sequential task learning (Cross et al., 2007; Lin et al.,
2008, 2011; Wymbs and Grafton, 2009; Tanaka et al., 2010) and
frontal–parietal networks (including PM, SMA, DLPFC, and
PPC) are typically involved in sequence learning (Ziemann et al.,
1995; Doyon et al., 2003).

In this study, we used a bimanual visuomotor task in which
both the stimulus presentation (a moving target dot and the slope
of the target line) and the feedback contained visual information
important for task execution. In line with our hypothesis, our
findings indicated higher recruitment of the right middle tempo-
ral area (hMT/V5�) during the acquisition of random versus
blocked practice across age groups. This region plays a crucial role in
visual motion processing (more specifically, the direction and
speed of moving stimuli; Born and Bradley, 2005; Galletti and
Fattori, 2018), as well as in extracting the relevant spatiotemporal
features of feedback-guided movements during the execution of
bimanual tasks and mapping these onto somatosensory informa-
tion (Debaere et al., 2003; Woolley et al., 2010; Ronsse et al., 2011;
Beets et al., 2015). In addition, LOC and ITG, which are mainly
involved in the integration of different features of visual stimuli
(Baars and Gage, 2010), and posterior precuneus, which is highly
associated with perception, interpretation of visuospatial infor-
mation, and guidance of actions (Margulies et al., 2009; Zhang
and Li, 2012), were also more active during random compared
with blocked practice. Interestingly, LOC, precuneus, and V1
remained more active following random versus blocked practice
during delayed retention, where augmented visual feedback was no
longer provided. This implies that activity in these visual processing
regions became an intrinsic part of the motor representation.

In contrast with random practice, blocked practice induced
more activity in typical sensorimotor-related brain regions (i.e.,
M1, S1, SMA, and multiple cerebellar sub-areas) during the ac-
quisition phase. This finding is inconsistent with previous reports
of higher M1 activity following random versus blocked practice
in sequence learning experiments by Wymbs and Grafton (2009)
and Lin et al. (2011). It is noteworthy that Wymbs and Grafton
(2009) captured this effect during movement execution of the
final two-thirds of training data and Lin et al. (2011) did not

Figure 8. Activation map showing a significant Age � CI interaction effect (Model3) in the left PCC during DR (A) and Pearson’s correlation between BOLD signal and DR error (B). A, Activation
map of the Age � CI interaction during DR was overlaid on a mni152 template using MRIcroGL with a color map indicating Z values in activity maps. B, Scatter plot correlation between BOLD signal
extracted from the peak voxel (left PCC) and DR performance error. Older adults who followed blocked practice showed higher PCC activation compared with those who followed random practice,
and this was positively correlated with error score during DR, indicating that greater PCC activation was associated with higher error (poorer performance) on DR. Activity in this region did not differ
between the blocked and random groups within young adults. The Age � CI interaction effect revealed significant activity in the PCC, using a clusterwise threshold Z � 2.3 and p � 0.05.
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distinguish between different phases of learning and collapsed
the data from the two training days. However, we found that
involvement of sensorimotor-related brain regions was mainly
pronounced at the beginning of blocked practice training and
then decreased with practice. Conversely, activity in these regions
during random practice was either preserved (in young adults) or
increased (in older adults) as practice progressed. Nevertheless, a
decrease of sensorimotor processing with training has been pre-
viously observed in sequence (Dayan and Cohen, 2011) as well as
bimanual task learning (Beets et al., 2015), suggesting more effi-
cient task processing (Poldrack, 2000). Moreover, practicing
sequential movements has been associated with decreased cerebellar
activity (Doyon et al., 2003, 2009). Hence, our findings suggest that
when task variants are presented in a repetitive (blocked) manner,
they can be executed using fewer neuronal recourses as practice
proceeds. However, this is not the case when the context of prac-
tice is constantly changing, confirming the resource demanding
nature of random practice.

Blocked practice resulted in greater reliance on the left SMA
and striatum (caudate and putamen). Higher involvement of the
SMA during both acquisition and retention is not surprising,
given its importance in internal movement generation (Debaere
et al., 2003; Heuninckx et al., 2010). Involvement of this region
following blocked practice is also in line with the observation that
disruption of the SMA (by using repetitive Transcranial magnetic
stimulation) immediately after practice resulted in deleterious
effects on retention performance in the blocked but not in the
random practice group (Tanaka et al. (2010). The striatum has
also been associated with internal generation of movements (De-
baere et al., 2003). Moreover, when asymptotic performance is
achieved, and thus the skill has become automatic, activity in the
corticostriatal system needs to be maintained to successfully re-
trieve the acquired motor skill (Doyon et al., 2009). Together, our
findings suggest that skill retrieval in the blocked practice group
relies on regions important in internal generation of motor com-
mands whereas skill retrieval in the random practice group ap-
pears more externally generated, recruiting a system that is more
flexible and highly attentive to the integration of visuospatial
information and the required motor response.

Altogether, we hypothesize that in the blocked practice group,
the decrease in activity in motor-related regions occurred in par-
allel to movement automatization. Despite the fact that partici-
pants in the blocked practice group presented very typical neural
signatures of learning, the comparison with the random group
indicated that their retention performance was poorer. These
findings might indicate that participants following blocked prac-
tice repeated the task without paying much attention to the unique
visual features of each subtask (e.g., inclination of the target line) and
how these differed from each other (performed on different days). In
fact, during delayed retention, the blocked group showed greater
activity in the striatum, which is reflective of movement automatic-
ity, i.e., they retrieved what they “perceived” as being successful skill
execution. Although becoming automatic helped the blocked
group temporarily during the acquisition phase, it limited their
ability to clearly distinguish the representations of the different
subtasks, reducing long-term benefits. On the contrary, fre-
quently switching task sets during random practice required
more attention to be deployed to the external (visual) features of
the task for a detailed processing of the stimulus structure as well as
movement-generated visual feedback. Hence, by providing a richer
practice context, the learner became highly attentive to the visual
features of the task to successfully integrate this information with
somatosensory processing and to couple this with the appropri-

ate motor program for each subtask. Our findings suggest a
modality-specific effect of CI that may be associated with the
strong visual features of this bimanual visuomotor task. In other
words, when the underlying basis of the CI effect would be stud-
ied in a different motor task where the visual component is less
pronounced, one might expect a greater contribution of other
brain regions. The present findings may have clinical relevance
for disordered groups who show degradation of brain regions
involved in automaticity or internal generation of movements
(such as in Parkinson’s disease). Hence, a random practice context
might provoke higher involvement of externally driven movements,
thereby bypassing the network encompassing the impaired brain
regions (such as striatum and SMA). However, future work is
needed to test this hypothesis.

With regard to the previously discussed behaviorally based
theoretical accounts of the CI effect, i.e., the elaboration and
action-plan reconstruction hypotheses, the following is notewor-
thy: even though our imaging findings do not provide unequiv-
ocal evidence for one of both hypotheses, they seem to favor the
elaboration hypothesis (Shea and Morgan, 1979; Shea and
Zimny, 1983). More specifically, the higher involvement of visual
processing regions during random compared with blocked prac-
tice suggests more elaborate (intertask) processing of the visu-
ospatial features of the different task variants, resulting in a more
distinctive memory representation of the subtasks. Although this
supports the elaboration hypothesis, the more widespread brain ac-
tivation pattern in the random group compared with the blocked
practice group may also be consistent with the action-plan recon-
struction hypothesis that is more neural resource demanding. As
such, these hypotheses are not mutually exclusive.

Our most interesting finding is that in older adults, brain
activity in regions typically associated with the DMN (i.e., bilat-
eral medial PFC, left PCC, bilateral angular gyrus, bilateral hip-
pocampus, and bilateral lateral temporal cortex) were differently
modulated throughout the course of different CI practice sched-
ules. That is, with practice, activity in the DMN regions increased
in the blocked group and decreased in the random group. Previous
studies have shown that the DMN is more active during periods of
task-unrelated self-generated or stimulus-independent thoughts
(Buckner et al., 2008; Allen et al., 2013; Smallwood and Schooler,
2015), which occur not only during rest but also when perform-
ing an external task (Antrobus et al., 1970; Buckner et al., 2008).
However, the occurrence of stimulus-independent thoughts is
reduced when a task becomes more demanding (McKiernan et
al., 2003, 2006). Mason et al. (2007) demonstrated that when
performing a practiced (low-demand) compared with a novel
(high-demand) task variant, more stimulus-independent thoughts
occurred in the former condition, and this was associated with
activity in DMN regions, such as medial PFC and PCC. Extending
these results to our findings, it appears that increasing task en-
gagement by providing a more demanding random practice
schedule led to a decrease in DMN activity as practice progressed.
Moreover, during skill retrieval (delayed retention), lower activ-
ity in the PCC was persistently observed in the random compared
with the blocked group, and this was associated with better reten-
tion performance. This provides further support for the hypoth-
esis that the training-induced ability to suppress this core region
of the DMN is beneficial for skill retrieval.

These results are particularly interesting because the DMN
shows increased vulnerability with aging (Lustig et al., 2003; Grady et
al., 2006; Sambataro et al., 2010), usually demonstrated by (1) a
decrease in resting-state functional connectivity within the DMN
(Ferreira and Busatto, 2013) and/or (2) a decrease in deactivation
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in brain regions typically associated with the DMN during task
execution (Lustig et al., 2003; Grady et al., 2006; Sambataro et al.,
2010). In a study by Grady et al. (2006), it was demonstrated that
aging leads to a reduction in task-relevant brain activity during
the execution of memory tasks. Concomitantly, the authors ob-
served an age-related increase in activity in brain regions associ-
ated with the DMN, more specifically, the PCC and medial PFC.
These findings led to the idea that age-related modulation in the
balance between activity in regions associated with the default
mode network on the one hand and activity in task-relevant re-
gions on the other hand could account for the increased suscep-
tibility to distraction from irrelevant information with age
(Grady et al., 2006). Please note that this observation refers to task
execution. To the best of our knowledge, we provide the first
evidence that activity in regions associated with DMN as well as
task-relevant (motor-related) brain regions can be modulated as
a function of learning and according to different CI practice
schedules in older adults. This opens exciting perspectives for a
training-induced modulation of DMN activity in older adults.

In conclusion, our findings indicate a differential modulation
of brain regions as a function of practice schedule and suggest
that the extra challenge provided by a random practice schedule
paves the way for functional network plasticity with positive be-
havioral effects. These findings may have important implications
for clinical practice.

Notes
Supplemental material for this article is available at https://figshare.
com/articles/SupplementaryMaterial_Pauwels_J_Neurosci_docx/ 5663233.
Results of a regression analysis (Table S1) indicated that better individual
learners within both CI practice groups, and particularly within the ran-
dom practice group, had better longer-term retention (Figure S1), which
again highlights the beneficial effects of random practice schedule. This
material has not been peer reviewed.
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