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ABSTRACT. The contextual interference (CI) effect affirms that
learning is enhanced when interference during practice is high,
such as when participants practice multiple tasks in a random
order. Previous research showed a distinct response in the corti-
cal motor (CM) regions of participants performing under high CI
practice conditions compared with low CI conditions. Specifically,
there was increased corticomotor activity in a high CI condition
when participants practiced 3 arm tasks, each with specific spatial
and temporal requirements. Using disruptive transcranial mag-
netic stimulation (TMS), the authors’ purpose was to determine
whether CM is preferentially processing the spatial, temporal, or
both parameters of the task during high CI practice. Participants
were randomized to 1 of 6 practice conditions derived from 3
stimulation conditions (no TMS, TMS, sham TMS) and 2 CI
conditions (blocked [low CI] and random [high CI]). The authors
measured performance accuracy in movement timing (temporal)
and amplitude (spatial) across practice and no-stimulation recall
phases. TMS perturbation deterred learning of movement timing
under random, but not blocked, practice order; the authors did not
observe this in spatial parameter learning. The authors’ data sug-
gest that increased corticomotor activity during high CI practice
may reflect preferential processing of the temporal parameter of
the task.
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transcranial magnetic stimulation
I t is well established that interference during practice has

substantial influence on skill learning (Battig, 1956, 1966,
1979; Guadagnoli & Lee, 2004). One way to manipulate
interference during practice of multiple tasks is to change
the order in which the tasks are practiced. For example,
a random practice order in which tasks are practiced in a
quasi-random order (i.e., C-A-B, A-B-C, B-C-A, where
each letter represents a task) is thought to introduce more
interference than a blocked practice order in which each
task is practiced repeatedly prior to switching to the next
task (i.e., A-A-A, B-B-B, C-C-C).

Results from studies investigating the effects of practice
order on motor learning typically show that a random prac-
tice order enhances motor learning more when compared
with that of a blocked practice order. This phenomenon
is known as the contextual interference (CI) effect (Giuf-
frida, Shea, & Fairbrother, 2002; Meira & Tani, 2001; Perez,
Meira, & Tani, 2005; Wright, Magnuson, & Black, 2005).
The CI effect elicited under random-order conditions (i.e.,
high-interference condition) has been explained, in part,
by additional planning and parameter specification that is
required when different tasks are being practiced in the same
session. The processing involved in repeated parameter spec-
ification and action planning is thought to result in a stronger
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memory representation of the practiced tasks (Hall & Magill,
1995; T. D. Lee & Magill, 1983, 1985; T. D. Lee, Wishart,
Cunningham, & Carnahan, 1997; Shea & Zimny, 1983). This
enhanced processing related to the CI effect may, in part, take
the form of increased cortical motor activity.

Transcranial magnetic stimulation (TMS) is a technique
that can introduce a transient perturbation to modulate cor-
tical motor activity by means of noninvasive stimulation of
the human brain (Hallett, 2000). Lin, Fisher, Winstein, Wu,
and Gordon (2008) demonstrated a brain—behavior relation
between the cortical motor regions and the CI effect in
motor-skill learning. Lin et al. used single-pulse TMS as an
identical external perturbation during blocked and random
practice. The TMS perturbation centered over the primary
motor cortex (M1) during practice selectively disrupted
motor learning under the random, but not the blocked, prac-
tice condition, suggesting that TMS may have interfered
with those essential brain processes evoked distinctly by
random practice (Lin et al.). Increased cortical motor activ-
ity during random practice can be hypothesized as neces-
sary neural processing to repeatedly specify, with every
practice trial, kinematic parameters such as the amplitude
or timing of the movement. Several neuroimaging studies
support this hypothesis by demonstrating broad activation
in primary and secondary cortical motor regions—such as
M1, sensory motor cortex (S1), dorsal and ventral premotor
cortex (PMd and PMy, respectively), supplementary motor
area (SMA), and posterior parietal cortices—when partici-
pants attempt to perform tasks requiring skillful action or
when participants are trained in high-interference practice
conditions (Aoki et al., 2005; Chung, Min, Kim, & Cho,
2000; Demiralp, Karamiirsel, Karakullukcu, & Gokhan,
1990; Gorbet, Staines, & Sergio, 2004; Hatfield, Haufler,
Hung, & Spalding, 2004; Lewis, Wing, Pope, Praamstra, &
Miall, 2004; Meister et al., 2005; Schubotz & von Cramon,
2002; Seidler, Noll, & Thiers, 2004; Sergio & Kalaska,
1998; Zhang, Riehle, & Requin, 1997).

The aforementioned studies have firmly established that
high-interference practice conditions evoke extensive pro-
cessing in cortical motor regions (Aoki et al., 2005; Chung et
al., 2000; Demiralp et al., 1990; Gorbet et al., 2004; Hatfield
et al., 2004; Lewis et al., 2004; Meister et al., 2005; Schubotz
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& von Cramon, 2002; Seidler et al., 2004; Sergio & Kalaska,
1998; Zhang et al., 1997). However, researchers have yet to
determine what specific feature(s) of the task are associated
with this increased cortical motor activity. Because motor-
skill development requires learning kinematic features of
the movement (Krakauer, Mazzoni, Ghazizadeh, Ravindran,
& Shadmehr, 2006; Krakauer & Shadmehr, 2006; Sainburg,
2002), the increased cortical motor activity may reflect neu-
ral processing of spatial or temporal parameters of the move-
ment. Therefore, the purpose of the present study was to
determine whether cortical motor regions are preferentially
processing the spatial, temporal, or both parameters of the
task. We used three different arm movements that required
specification of both amplitude (spatial) and timing (tempo-
ral) information. If the cortical motor regions were associat-
ed with processing kinematic information, learning of timing
or amplitude would be deterred by TMS for participants who
practiced under random-practice conditions. Because of the
repetitive nature for blocked practice, the need for parameter
specification is less in a blocked practice condition. We did
not expect cortical motor perturbation during blocked prac-
tice to deter learning of kinematic parameters.

Method

Farticipants

We recruited 60 healthy, right-handed volunteers (ages
18-38 years) who were naive to the task. All participants
gave written informed consent and participated in the study
under a protocol approved by the Institutional Review
Board of the University of Southern California Health Sci-
ences Campus. Exclusion criteria were all contraindications
to receiving TMS (Wassermann, 1998) and included the
presence of a pacemaker, metal in the head, pregnancy, any
neurological disorder, current use of stimulants or medica-
tions known to lower seizure threshold, and personal or
family history of a seizure disorder. Participants were the
same as those in Lin et al. (2008).

Instrumentation and Task

A lightweight lever affixed to a frictionless vertical axle
was attached to a table and positioned parallel to the floor.
We adjusted a handle at the end of the lever to accommo-
date the participant’s forearm. We attached a linear poten-
tiometer to the transducer at the base of the vertical axle
and signals from the transducer were converted to a digital
signal and sampled at 1,000 Hz. To manipulate movement
trajectory, the timeline of each event, and data storage for
each trial, we applied a LabView-based (Labview, National
Instruments, Austin, TX) custom-made software program
(Weekley, 2004). We applied a low-pass filter of 10 Hz to
remove high-frequency noise and smooth out the signals.
The motor task was to move the lever to replicate three
template movement trajectories. One of the three template
trajectories was displayed on the computer monitor before
each trial. Each template trajectory comprised two elbow
extension—flexion reversal actions (see Figure 1A). The
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three trajectories were differentiated by the timing and
amplitude of the reversal actions. Participants saw a tem-
plate trajectory for 2 s, and then the template disappeared.
Participants were instructed to initiate movements on a
“g0” signal. The timeline of each event in a single trial is
illustrated in Figure 2. Participants practiced the three arm
tasks in a blocked or random order for 144 total trials. We
divided the 144 trials into three 48-trial sets to prevent
fatigue or tiredness. During blocked practice, there were 48
movement trials of each arm task, and we counterbalanced
the order of tasks across participants. Because three arm
trajectories were practiced, there were six different orders
to arrange the three trajectories in blocked practice (i.e.,
A-B-C, A-C-B, B-A-C, B-C-A, C-A-B, and C-B-A, where
each letter represents a task). We counterbalanced the three
trajectories by using five of the six orders for practice phase
(i.e., A-C-B, B-A-C, B-C-A, C-A-B, and C-B-A). These
five orders can be counterbalanced evenly across each 10-
participant group. During retention, we applied the other
order that participants had not practiced before (i.e., A-B-C)
as the testing order for blocked retention test. During ran-
dom practice, the three tasks were practiced in a nonrepeti-
tive manner in each 48-trial set; the randomization scheme
was the same for all random-practice participants.

During the practice phase, the participants were pre-
sented with feedback after each movement trial. The feed-
back included (a) an overall error score, representing the
difference between the template movement trajectory and
the participants’ response, and (b) a graphic representation
of the participants’ response superimposed on the tem-
plate movement trajectory. All participants received written
instructions and additional verbal information about the
experiment. The timeline of each event in a single trial is
illustrated in Figure 2. Participants were allowed to per-
form each movement up to 5 s. The time to complete the
movement was variable and depended on how accurately
the participant performed, whereas the other interval times
(e.g., feedback delay) were fixed.

The participants linked the template trajectories to their
own performance empirically. We did not provide any
explicit instruction about movement amplitude and timing.
Participants were instructed to match (as closely as possi-
ble) their movement trajectories with template trajectories.

Experimental Design

Participants were randomly assigned to one of six prac-
tice conditions derived from three stimulation conditions
and two practice orders: no TMS (blocked—no TMS, ran-
dom-no TMS), TMS (blocked—-TMS, random—-TMS), and
sham TMS (blocked—sham TMS, random—sham TMS).
TMS pulses were delivered so that they were centered over
the M1 contralateral to the moving arm. We implemented
the sham-TMS condition (i.e., coil applied to same loca-
tion, normal clicking noise apparent, but no magnetic pulse
applied) to control for the nonspecific effects of TMS,
including coil noise and scalp sensation.
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FIGURE 1. (A) Experimental setup with lever arm, feedback display, and three template move-
ment trajectories, with specific time and amplitude requirements. (B) Accuracy in movement
timing was quantified using absolute error in movement time (AE-MT). Accuracy in move-
ment amplitude was quantified using the sum of absolute error in movement amplitude derived
from the three reversal points in each movement trajectory (AE-SumAmp). AE-ampPeak] =
absolute value of amplitude error at the Peakl; AE-ampTrough = absolute value of amplitude
error at the trough; AE-ampPeak?2 = absolute value of amplitude error at the Peak?2.
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FIGURE 2. Timeline of each event in a single trial in mil-
liseconds. For the TMS and sham-TMS groups, a single TMS
pulse (sham or real) was synchronized to the onset of the
intertrial interval. TMS = transcranial magnetic stimulation.

Experimental Procedure

Because the learning performance distinction is a well-
recognized phenomenon in learning and memory research,
we used a recall test paradigm to measure the relatively
permanent changes on motor performance (Cabhill,
McGaugh, & Weinberger, 2001; Giuffrida et al., 2002;
Goodwin & Meeuwsen, 1996; Hall & Magill, 1995; T. D.
Lee et al., 1997; Meira & Tani, 2001; Perez et al., 2005;
Schmidt & Lee, 2005; Shea & Morgan, 1979; Wright et
al., 2005). Participants came for 2 consecutive days with
the practice phase on Day 1 and recall phase on Day 2.
Participants practiced three sets of 48 trials during the
practice phase, resulting in a total of 144 practice trials.
Participants performed 24 recall-accuracy trials in the recall
phase. To ensure that the recall test was not biased toward
either practice order, participants were given 12 recall trials,
each under blocked- and random-order conditions, and the
recall test order was counterbalanced across participants.
We administered the trials in the recall phase without
feedback and TMS, real or sham.

Magnetic Stimulation

We used single-pulse TMS as an identical external per-
turbation to cortical motor activity during blocked and
random practice (Boroojerdi et al., 2001; Flitman et al.,
1998; Hallett, 2000; Ziemann, 2004). On the basis of
neuroimaging studies of motor learning and to maximize
effects of a single TMS pulse, we used a circular coil in
which the effect was centered over M1, but in which the
influence would cover most of the contralateral primary
and secondary cortical motor regions. Because the interval
between trials (i.e., intertrial interval) is a critical time in
which neural activity subserving the current action plan
is distinct between blocked and random practice, single
pulses of disruptive TMS were delivered to each intertrial
interval during motor practice (Battig, 1979; Gabriele, Hall,
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& Buckolz, 1987; T. D. Lee & Magill, 1983, 1985; Limons
& Shea, 1988; Shea & Zimny, 1983; Wright, Li, & Coady,
1997; Wright, Li, & Whitacre, 1992).

Magnetic pulses were delivered by a magnetoelectric
stimulator (MES-10, Cadwell Laboratories, Kennewick,
WA) through a circular magnetic coil (9.0-cm diameter).
In considering how to stimulate most candidate corti-
cal motor regions, we chose a circular coil rather than
a focal figure of eight. We placed the coil tangentially
to the scalp in a direction such that monophasic pulses
induced a current flowing anteroposteriorly perpendicular
to the central sulcus (Kaneko, Kawai, Fuchigama, Shi-
raishi, & Ito, 1996; Werhahn et al., 1994). To center our
stimulation over the motor cortex (Butefisch, Khurana,
Kopylev, & Cohen, 2004), we placed one edge of the coil
on the participant’s scalp and identified an optimal loca-
tion where stimuli consistently elicited a maximal motor
evoked potential (MEP) in the contralateral biceps brachii
muscle (Kamen, 2004; Lin et al., 2008). We monitored
electromyography (EMGQG) throughout data collection to
ensure the specificity of magnetic pulses. Motor threshold
was defined as the minimum TMS intensity to the nearest
1% of maximum stimulator output that evoked a MEP >
50 uV in at least 5 of 10 trials in the target muscle (Rossini
et al., 1994). Single pulses of TMS were applied only dur-
ing the acquisition phase and synchronized to the onset of
each intertrial interval (see Figure 2). We chose this inter-
val because it is a critical period for cognitive processing
during practice when information from the previous trial
may be used in the preparation for the next trial (T. D. Lee
& Magill, 1983; Lee et al., 1997; Shea & Zimny, 1983).
We chose a suprathreshold TMS intensity (120% of rest-
ing motor threshold) to produce a disruptive influence on
cortical activity centered on and around the motor cortex
(Berardelli et al., 1994; Pascual-Leone, Houser, Grafman,
& Hallett, 1992; Taylor, Wagener, & Colebatch, 1995;
Ziemann, Ilic, Pauli, Meintzschel, & Ruge, 2004).

Dependent Measures

Because the motor tasks have specific amplitude and
timing requirements, accuracy in movement timing and
amplitude was quantified across practice and recall
phases. Performance in movement timing was quanti-
fied using absolute error in movement time (AE-MT,;
see Figure 1B). Performance in movement amplitude
was quantified using the sum of absolute error in move-
ment amplitude derived from the three reversal points
in each movement trajectory (AE-SumAmp; see Figure
1B). We determined absolute amplitude error at each
reversal point by placing an event marker on each rever-
sal point using a customized MATLAB-based program
(Wu, 2004).

We also calculated the mean difference between the last
practice block (Block 12) and the retention block on the
second day (Block 13) for each practice group (this mea-
sure is described as Block 12—-13 difference). The Block
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12-13 difference is an index to demonstrate how partici-
pants’ performance deteriorated from Day 1 to Day 2.

Statistical Analysis

Individual trial timing and amplitude data were grouped
into 12 trial blocks for the practice phase (Blocks 1-12)
and one 24 trial block for the recall phase (Block 13). Data
from the recall phase were presented after collapsing across
two recall test conditions (blocked and random conditions).
Prior to collapsing the recall data, we performed an analysis
to confirm that there was no testing condition effect. We
used a 3 x 2 between-subject factorial design: 3 stimula-
tion conditions (no TMS, TMS, sham TMS) and 2 practice
orders (blocked and random). For the practice phase, aver-
age performance errors (timing and amplitude error) were
submitted to a 3 (stimulation condition) x 2 (practice order)
x 12 (practice block) analysis of variance (ANOVA) with
repeated measures. We calculated a 3 (stimulation condition)
x 2 (practice order) ANOVA for the average recall accuracy
of the recall phase and for the average Block 12-13 differ-
ence. When appropriate, the ANOVAs were followed by a
simple main effect test and a post hoc Tukey test to control
for inflated Type 1 errors. For all statistical tests, significance
level was set at p < .05. We used SPSS (Version 13.0) statisti-
cal software for all statistical analysis.

Results

Practice Phase

Timing Error (AE-MT)

There were no group differences in baseline (Block 1),
F(5, 59) = 0.59, p = .71. Each group showed reduction
of timing error over the acquisition phase that resulted in
a significant main effect for practice block (p < .001; see
Figure 3). Participants in the blocked- and random-order
groups performed similarly during practice, resulting in no
significant effect of practice order, F(1, 54) =0.94, p = .34,
as is typical in experiments that studied the effect of prac-
tice order on motor learning. There was also no significant
main effect of stimulation condition, F(2, 54) = 2.17, p =
.12, or significant Stimulation Condition X Practice Order
interaction, F(2, 54) = 1.57, p = .22.

During the practice phase, real TMS appeared to decrease
timing errors for the blocked practice groups (see Figure
3A). However, sham TMS appeared to increase timing
errors for the blocked practice groups. Statistical measures
showed no significant difference between the blocked—no
TMS group and the blocked—-TMS group (p = .14) and
between the blocked—no TMS group and the blocked—sham
TMS group (p = .96). For the random practice groups,
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FIGURE 3. Timing error (y axis) of the six experimental groups across practice and recall
phases. The practice phase includes Block 1-12; Block 13 is the 2nd-day recall phase. Data
of the recall phase are collapsed across the two testing conditions. Error bars are standard
errors of the mean. “indicates the group differences are statistically significant. TMS =
transcranial magnetic stimulation.
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TMS and sham TMS appeared to increase timing errors
(see Figure 3B). However, we found no significant differ-
ence between the random—no TMS and the random-TMS
groups (p =.71) and between the random—no TMS and the
random—sham TMS groups (p = .20).

Amplitude Error (AE-SumAmp)

There were no group differences in baseline, F(5, 59) =
3.56, p = .47. Each group showed a reduction of amplitude
error over the acquisition phase that resulted in a signifi-
cant main effect for practice block (p < .001; see Figure 4).
There was no significant main effect of stimulation condi-
tion, F(2, 54) = 2.30, p = .16, or Stimulation Condition X
Practice Order interaction, F(2, 54) = 1.65, p = .28.

During the practice phase, TMS and sham TMS appeared
to deteriorate amplitude performance for the random prac-
tice groups (see Figure 4B). However, the difference between
the random-no TMS and the random—TMS groups (p = .08)
and between the random-no TMS and the random-sham
TMS groups (p = .09) did not reach significance.

Recall Phase
Timing error (AE-MT)

TMS during practice phase selectively deterred the recall
of movement timing for participants who practiced under

Neural Correlate

the random, but not blocked, condition. The differential
effect of TMS and sham TMS to blocked- and random-
order practices is associated with a significant Stimulation
Condition X Practice Order interaction, F(2, 54) = 3.45, p
= .04. Consistent with the literature, we demonstrated the
benefit of random practice in the learning of movement
timing (i.e., the CI effect). During retention, timing error
of the random—no TMS group was significantly lower than
that of the blocked—no TMS group (p = .01, see Figure 3,
Block 13). This benefit of random practice was abolished
by TMS perturbation during practice phase; practice with
TMS did not make the random—TMS group better than the
blocked—no TMS group (p = .79, see Figure 3, Block 13).

For the blocked practice groups, TMS and sham TMS
appeared to lower timing error when compared to the
control no-TMS condition, but the results did not yield
significant group differences. Conversely, for the random
practice groups, TMS deteriorated the recall performance
(higher timing error; see Figure 3, Block 13). A post hoc
test indicated that the timing error of the random-TMS
group was higher than that of the random—control group (p
= .03), and marginally higher than the random—sham TMS
group (p =.07), suggesting that the disruptive effect of TMS
on random practice was mediated through direct perturba-
tion over the cortical motor region.
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FIGURE 4. Amplitude error in degrees (y axis) of the six experimental groups across practice
and recall phases. The practice phase includes Block 1-12; Block 13 is the second-day recall
phase. Data of the recall phase are collapsed across the two testing conditions. Error bars are
standard errors of the mean. TMS = transcranial magnetic stimulation.
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Similar to the results of the timing errors during recall
phase, Block 12-13 difference in timing errors, an index of
how participants’ performance deteriorated from Day 1 to
Day 2, also suggested a pattern that TMS and sham TMS
differentially influenced timing learning for blocked and ran-
dom practice groups (see Figure 5SA). TMS and sham TMS
enhanced timing learning for blocked groups with the most
robust effect by sham TMS. In contrast, real TMS deterred
timing learning for random groups. The Stimulation Condi-
tion X Practice Order interaction was marginally significant,
F(2,54) =2.85, p=.07. A post hoc test indicated that Block
12-13 difference in timing errors was significantly higher for
the random—TMS than for the random-no TMS groups (p
= .01). The Block 12-13 difference of random—sham TMS
and random—no TMS groups was not significant (p = .17),
suggesting that the effect was from cortical perturbation. In
blocked practice groups, we found that Block 12—13 differ-
ence in timing errors of the blocked—sham TMS group was
low compared with the blocked—no TMS group (p = .02).
But the difference between blocked—no TMS group and
blocked—-TMS group was not significant (p = .37).

Amplitude Error (AE-SumAmp)

Visual inspection suggests that TMS and sham TMS
did not alter the retention of movement amplitude for the

blocked practice groups (see Figure 4A, Block 13), but it
deteriorated that of the random practice groups (see Figure
4B, Block 13). This differential effect, however, was not
associated with a significant Stimulation Condition X Prac-
tice Order interaction, F(2, 54) = 0.38, p = .69.

The CI effect was not replicated on the learning of
movement amplitude. Although visual inspection suggests
that accuracy in movement amplitude of the random-no
TMS group was better than that of the blocked—no TMS
group, this difference was not significant (p = .19; see
Figure 4, Block 13).

TMS and sham TMS increased Block 12-13 difference
in amplitude errors for blocked and random practice groups.
The Stimulation Condition X Practice Order interaction
was not significant, F(2, 54) = 0.20, p = .82 (see Figure
5B). For blocked practice groups, there was no significant
stimulation condition effect for Block 12-13 difference in
amplitude errors, F(2,27) =0.10, p = .91. For random prac-
tice groups, there was no significant stimulation condition
effect, F(2, 27) = 0.84, p = .44. This pattern of results was
consistent with the results of the amplitude errors during
recall phase (see Figure 4, Block 13).

Because AE-SumAmp is a measure derived from errors
of three reversal points, researchers have only been able to
find a situation where TMS disrupted amplitude learning
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for one of the three reversal points (i.e., Peak 1, Trough,
Peak 2). To account for this issue, we examined ampli-
tude error at three reversal points during retention phase
with one-way ANOVAs separately for blocked and random
practice groups. The three levels of the one-way ANOVAs
are the three stimulation conditions. For blocked practice
groups, there was no significant stimulation condition effect
on amplitude errors of any of the reversal points: For Peak
1, F(2,27)=0.07, p = .93; for Trough, F(2,27)=0.08, p =
.92; and for Peak 2, F(2, 27) = 2.00, p = 0.16. For random
practice groups, there was no significant stimulation condi-
tion effect at any of the reversal points: For Peak 1, F(2, 27)
=3.01, p = .07; for Trough, F(2, 27) = 0.68, p = .56; and for
Peak 2, F(2,27) = 1.23, p = .308.

Discussion

Lin et al. (2008) demonstrated that the cortical motor
regions are neural substrates for the CI effect in motor-
skill learning. A TMS perturbation centered around M1
during practice selectively disrupted motor learning under
random, but not blocked, practice conditions. This pattern of
results suggested a difference in cortical motor processing
between random and blocked practice conditions. In the
present article, we further investigated the high CI effect on
cortical motor processing by determining the association
between specific kinematic parameters of the arm tasks
and the different cortical motor activity. Single-pulse TMS
was applied as an identical external perturbation over the
cortical motor system during blocked and random practice.
Because of the repetitive nature for blocked practice, the
need for parameter specification is less in a blocked practice
condition (T. D. Lee & Magill, 1983; T. D. Lee et al.,,
1997; Shea & Morgan, 1979; Shea & Zimny, 1983). TMS
perturbation during blocked practice was not expected to
deter learning of kinematic parameters of the movements.
Conversely, if the cortical motor regions were neural
substrates for processing kinematic details of the practiced
tasks, learning of temporal (timing) or spatial (amplitude)
parameters would be deterred by TMS for participants who
practice under arandom practice condition in which the need
for parameter specification is high. The main finding of the
present study was that TMS perturbation over the cortical
motor regions selectively deterred learning of movement
timing under random, but not blocked, practice. This
pattern of results was not observed in learning movement
amplitude. The following discussion focuses on (a) the
functional role of the cortical motor regions in learning
movement kinematics, (b) how this role is associated with
the CI effect, and (c) how our results suggest experience-
dependent neural plasticity.

Neuroimaging studies suggest that the primary motor,
premotor, and supplementary motor areas are functional
substrates for processing temporal aspects of goal-directed
movements (Macar, Coull, & Vidal, 2006; Martin et al.,
2006; Thickbroom et al., 2000). There is also evidence that
greater cortical motor activity is elicited under conditions
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of interference when compared with repetitive, consistent
motor practice (Lewis et al., 2004; Meister et al., 2005).
We, therefore, presumed that during random practice, the
greater cortical activity necessary to process movement tim-
ing was the target of the TMS disruptive effect (see Figure
3). Previous studies suggested that motor memory forma-
tion is susceptible to interference by a focal lesion or com-
peting tasks until the memory traces have been consolidated
(Krakauer & Shadmehr, 2006; Muellbacher et al., 2002). In
the no—-TMS condition, enhanced motor learning, reflecting
relatively permanent plasticity in relevant brain regions,
was induced following random practice conditions. How-
ever, when TMS was used to perturb the processing and
consolidation of that training experience, motor learning
was reduced, likely reflecting an inability for relevant brain
regions to develop an adequate memory trace to consolidate
into permanent plastic changes. In the present experiment,
TMS during the intertrial interval created a virtual lesion
that ultimately interfered with the consolidation of the tem-
poral parameter, resulting in poor recall performance.

The sham TMS condition provided supporting evidence
for the TMS virtual lesion effect. There was no difference
in recall performance between the random—sham TMS and
the random—No TMS groups, and both were better than the
random-TMS group. This suggests that the effect occurred
because of direct cortical perturbation. In contrast and more
importantly, recall performance in the blocked—-TMS and
blocked—sham TMS groups were similar (see Figure 3A),
suggesting that the cortical perturbation during blocked
practice did not alter the neural processing of timing. This
dissociation pattern (i.e., TMS interference with random
practice, but not blocked, practice) confirms the brain—
behavior relation between the cortical motor regions and the
CI effect. Results of Block 12-13 difference were similar
to the recall performance. Magnetic stimulation selectively
increased Block 12-13 difference in timing errors for those
who practiced in a random condition.

A novel finding of the present study was that the sig-
nificant disruption in temporal-parameter learning occurred
when TMS was delivered immediately following the presen-
tation of feedback. This finding provides neurophysiologic
evidence of a critical time window around the intertrial
interval for the encoding of kinematic parameters to occur.
This appears to be essential for random, but not blocked,
practice. As such, our results supported the hypothesis that
processing associated with random practice, such as action
planning and parameter specification, was operative during
this critical intertrial interval (T. D. Lee & Magill, 1983;
T. D. Lee et al., 1997; Shea & Titzer, 1993; Shea & Wright,
1991; Shea & Zimny, 1983).

Cortical perturbation did not significantly interfere with
amplitude learning for the blocked- or random-order condi-
tions (see Figure 4). One interpretation was that the corti-
cal motor regions do not process spatial parameters, and
consequently TMS-induced perturbation would not deter
learning of movement amplitude. However, this interpreta-
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tion is unlikely given that M1, PMd, PMyv, and SMA have
been associated with planning, adjusting, and encoding
task-specific spatial information (Chouinard & Paus, 2006;
Coxon, Stinear, & Byblow, 2006; Crowe, Chafee, Aver-
beck, & Georgopolous, 2004; Diedrichsen, Hashambhoy,
Rane, & Shadmehr, 2005; J. H. Lee & van Donkelaar, 2006;
Liu, Denton, & Nelson, 2005; Monfils, Plautz, & Kleim,
2005; Naselaris, Merchant, Amirikian, & Georgopoulos,
2006). We speculated that the results associated with the
movement amplitude may be due to the strategy that the
participants used to improve task performance. Specifically,
in this and previous studies conducted in our laboratory, the
best strategy for participants to reduce error in the lever-arm
task is to improve timing (Lin et al., 2008). It is conceiv-
able that cortical motor regions are less tuned to processing
movement amplitude because the behavioral requirement
for this task seems to optimize movement timing. This
interpretation is also supported by little improvement in
amplitude errors observed during the practice phase and the
lack of the CI effect in learning movement amplitude (see
Figure 4). Further, the amplitude error greatly increased
(almost returned to the level before practice) in the recall
phase after blocked practice, regardless of whether the par-
ticipant was stimulated (see Figure 4A). This may indicate
that amplitude information cannot be remembered after
blocked practice. In contrast, amplitude error increased
after random practice only when the participant was stimu-
lated (see Figure 4B). Though the group differences were
not significant, this pattern of results suggested a likelihood
that learning of movement amplitude could be improved by
random practice and that this effect is deterred by TMS and
sham stimulation.

Another important finding of the present study was that
the traditional control condition for magnetic stimulation,
the sham—TMS condition, is not necessarily neutral and
showed potential influence to kinematics learning. The
sham—TMS condition appeared to enhance performance in
timing during early practice phase for the blocked practice
groups (see Figure 3), but it deterred amplitude learning
for the random practice groups (see Figure 4). Because
there was no cortical effect from sham TMS, we interpreted
that sham—-TMS during practice may have necessitated a
reallocation of attentional resources. This increase of atten-
tional demands may lead to increased challenge during
practice (Guadagnoli & Lee, 2004), resulting in enhanced
motor learning for those who practiced in a blocked-order
condition. Indeed, studies that have used interpolated dual
tasks as external interference in a blocked practice condi-
tion have demonstrated enhanced motor learning (Shea &
Wright, 1991). In contrast, increasing attentional demands
may exceed the challenge point for those who practice in
an originally challenging condition such as a random-order
condition, resulting in decrement in learning.

Neural plasticity is the mechanism by which the brain
encodes experience and learns new behaviors (Krakauer
& Shadmehr, 2006). As stated previously, the best strat-
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egy for participants to reduce error in the lever-arm task
is to improve timing and the TMS perturbation for timing
but not to improve amplitude learning. These two results
together provide support for a fundamental principle of the
CNS: Plasticity is experience-dependent (Kleim & Jones,
in press). This principle suggests that the activity of cortical
brain regions associated with motor-skill learning depends
on the current needs and experiences of the participant. In
the present study, the current need of the lever-arm task
was timing parameterization, whereas the experience of the
participant was the condition of practice (i.e., blocked or
random). Our experimental design with TMS allowed us
to monitor the neural implementation of the motor-training
experience. This, in turn, informed us about the contribution
of the cortical motor regions in experience-dependent learn-
ing and plasticity.

One potential confound in the present study was that the
three template trajectories differed in amplitude but not in
movement time. Researchers could argue that participants
primarily learn movement timing simply because the rep-
etition of the movement time occurs more frequently than
that of movement amplitude. To rule out this potential con-
found, we performed a post hoc analysis in which the data
was grouped by each template trajectory. The participants
showed no apparent transfer of movement time from one
template to the next. Despite having reduced movement
time errors from approximately 300 to less than 100 ms by
the end of practice with one template, movement time errors
for a different template jumped back to the 300 ms range,
suggesting that the participants were not aware that the new
template had the same duration as the previous one. There-
fore, the findings of our study were not confounded by the
more frequent repetition of movement time compared with
amplitude across three template trajectories.

Unlike functional imaging studies that directly measured
cortical activity using tools such as functional magnetic
resonance (fMRI), in the present study, there was no direct
evidence to show cortical activity. We can only conclude
our findings by inferring the results from our data and
previous studies. Cross, Schmitt, and Grafton (2007) used
fMRI to demonstrate greater cortical motor activity while
participants practiced motor sequences with a random
compared with a blocked order. In addition, evidence has
suggested that greater cortical activity is evoked while
participants train in a nonrepetitive, random-like condition,
compared with a repetitive, blocked-like condition (Gorbet
et al., 2004). Though cortical motor activity was not directly
measured in the present study, previous evidences suggest
the likelihood that greater cortical activity is evoked in the
random-order condition.

In summary, we have identified a brain-behavior rela-
tion between the CI effect and the cortical motor regions
in learning movement kinematics. Our data provides fur-
ther support that the cortical motor regions are putative
substrates for processing and consolidating task-relevant
kinematic information. This pilot project has localized the
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cortical motor regions as crucial substrates for the CI effect
in learning movement parameters. Future studies include
(a) the use of an alternative task that biases amplitude speci-
fication to further probe experience-dependent plasticity
and (b) the application of a conventional focal figure-eight
coil to probe the contribution of specific motor area, such as
M1, PMd, or SMA to motor-skill learning.
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