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Background: Previous studies have shown that primary motor cortex (M1) excitability is modulated by
motor skill learning and that the M1 plays a crucial role in motor memory. However, the following
questions remain: 1) At what stage do changes in M1 excitability occur? 2) Are learning-induced changes
in leg M1 excitability associated with motor memory? Here, we did two experiments to answer these
questions.
Methods and results: In experiment 1, subjects learned a visuomotor tracking task over two consecutive
days. Before and after the task in Day 1, we recorded inputeoutput curves of the motor evoked potentials
(IeO curve) produced in the tibialis anterior muscle by transcranial magnetic stimulation. We found that
the changes in M1 excitability were affected by learning stage. In addition, the changes in M1 excitability
in Day 1 were correlated with the retention. In experiment 2, we recorded I-O curves before learning,
after the fast-learning stage, and after learning. We found no changes in M1 excitability immediately
after the fast-learning stage. Furthermore, a significant relationship between the length of slow-learning
stage and the changes in M1 excitability was detected.
Conclusions: Previous studies have suggested that optimal motor commands are repeatedly used during
the slow-learning stage. Therefore, present results indicate that changes in M1 excitability occur during
the slow-learning stage and that such changes are proportional to motor skill retention because use-
dependent plasticity occur by repetitive use of same motor commands during the slow-learning stage.
� 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The learning of motor skills is a basic requirement of daily life.
Many transcranial magnetic stimulation (TMS) studies have
demonstrated that motor skill learning induces changes in primary
motor cortex (M1) excitability [1e4]. However, the modulation of
M1 excitability is highly variable, although all participants improve
their performances [5]. This indicates that various factors impact
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on changes in M1 excitability induced by motor skill learning. The
process of motor skill learning consists of fast- and slow-learning
stages [6e8]. Previous studies have found that different neural
networks are involved in these stages [9,10]. In addition, Adi-Japha
et al. (2008) suggested that a shift in the processing mode occurs
between these stages [11]. Thus, we considered that changes in M1
excitability induced by motor skill learning might be learning
stage dependent. A recent study suggested that same motor
commands acquired during the fast-learning stage are repeatedly
used to perform the task during the slow-learning stage [12].
Therefore, we hypothesized that changes in M1 excitability occur
during the slow-learning stage because the M1 exhibits use-
dependent plasticity [13].

One of the important factors in the motor skill learning is per-
formance retention [14]. Some previous studies have demonstrated
that the M1 plays a crucial role in the retention of the newly ac-
quiredmotor skills [15e18]. However, only one study has examined
the relationship between the changes in M1 excitability induced by
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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motor skill learning and the retention of the new skills without
using intervention techniques [19]. Therefore, further investigation
is required to corroborate the relationship between them.

To the best of our knowledge, there are few previous studies that
have investigated the relationship between learning-induced
changes in M1 excitability and learning stages. Furthermore, the
role of the leg M1 in motor skill retention remains unknown. The
leg M1 possesses similar plasticity to the hand M1 [20e24].
Therefore, we focused on the leg M1 and leg motor skill learning.
Here, we investigated the following two questions: 1) is there a
relationship between changes in M1 excitability induced by motor
skill learning and stages of motor skill learning? 2) Do changes in
M1 excitability affect retention processes? In order to answer these
questions, we did two experiments.

Materials and methods

Subjects

Thirty one healthy right-footed subjects (6 females; mean age:
22.5� 2.3 years) participated in this study after giving their written
informed consent. We checked the footedness of each subject using
a custom-made questionnaire based on that described in a previous
study [25]. All experimental procedures were carried out in accor-
dance with the Declaration of Helsinki and were approved by the
ethics committee of Hiroshima University. During the experiments,
the subjects were seated in an armchair with their right lower leg
secured to a semi-flexed ankle foot brace at the hip (120�) and knee
(120�) with their ankle plantar-flexed (110�).

EMG recording

Surface electromyogram (EMG) recordings were taken from the
right tibialis anterior (TA) with Ag/AgCl surface electrodes (diam-
eter: 9 mm). In one subject, we recorded surface EMG activity from
TA and soleus muscle (SOL) during visuomotor tracking task, con-
trol task, and maximum voluntary isometric contraction of ankle
dorsi-/plantar-flexion (see below; Fig.1B and C). All EMG recordings
Figure 1. A: A block diagram of the experimental equipment. The subjects were asked to tr
line in Fig. 1). B: Recording examples during control tracking task (left side) and visuomoto
gray line) trajectories. Lower panel represents raw EMG activities of TA and SOL at each tas
and plantar flexion (right side).
were amplified at a bandwidth ranging from 5 Hz to 3 kHz, and all
amplification procedures were controlled using a signal processor
(7S12, NEC San-ei Co. Ltd., Japan). The analog outputs from the
signal processor were digitized at a sampling rate of 4 kHz and then
fed into a computer for off-line analysis (PowerLab system, AD In-
struments Pty. Ltd., Australia).

TMS application and MEP recording

TMSwas delivered using aMagstim 200 stimulator connected to
a double cone coil with a diameter of 110 mm. We determined the
optimal position for evoking MEP in the TA and marked it on a
swimming cap worn by the subjects with a soft-tip pen to ensure
reliable coil placement between trials. To reduce the threshold
required to evoke MEP in the TA, the subjects performed an iso-
metric dorsiflexion of the ankle. The intensity of isometric dorsi-
flexion was set to the 10% EMG level of the maximum voluntary
contraction (MVC) throughout the MEP recordings. We monitored
the strength of the isometric dorsiflexion bymeasuring background
EMG activity (bEMG) for the 200ms before the TMS triggerwith the
Integral Abs, Scope (version 3.7.6.), PowerLab system. We delivered
visual feedback to the subjects to help them to maintain isometric
dorsiflexion at a constant level. The active motor threshold (aMT)
was defined as the lowest intensity required to evoke MEP of
>200 mV in 5 out of 10 trials during dorsiflexion. We obtained the
InputeOutput curves of MEP before and after the learning session.
The intensity of the TMS was set at 1.0, 1.2, 1.4, or 1.6 � aMT. Seven
to 10 MEP were evoked at intervals of 5e7 s during each mea-
surement. The peak-to-peak MEP amplitudes and the slope of the
IeO curve (IeO slope) were measured off-line.

H-reflex recording

The ratio of the maximum H-reflex amplitude (Hmax) to the
maximum M-response amplitude (Mmax) for the TA was calculated
to investigate spinal motoneuron pool excitability before and after
the motor task as described below. These recordings were carried
out during isometric dorsiflexion at 10% MVC EMG level. The
ack the target black line by controlling the red cursor line (illustrated as a dashed gray
r task (right side). Upper panel represents target (solid black line) and cursor (dashed
k. C: Raw EMG activities of TA and SOL at maximum isometric dorsiflexion (left side)
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H-reflex was evoked by applying an electrical stimulus (a rectan-
gular pulse of 1 ms duration) to the common peroneal nerve at the
caput fibulae using paired bar-type electrodes. Wemeasured the H-
reflex at different stimulus intensities around the threshold of the
M-response in order to determine Hmax. Hmax was calculated by
averaging 20 waves. Then, the stimulus intensity was increased to
obtain Mmax, which was calculated by averaging 5 waves. The
electrical stimulus was applied every 3 s during the H-reflex
recording and every second during theMmax recording. The ratio of
Hmax to Mmax was measured off-line.

Motor task

We used a custom-built PC program (LabVIEW, National In-
struments Japan, Co.) for the visuomotor tracking task (Fig. 1A).
During the learning session, a goniometer was attached to the
subject’s right ankle. The goniometer signal was acquired at a
sampling rate of 200 Hz with an analog/digital converter (USB6212,
National Instruments Japan, Co.) and stored on a PC. The position of
the ankle joint was displayed as a red circular cursor on a 26-inch
display connected to the PC. The subjects were able to control the
cursor by performing ankle dorsiflexion and plantar flexion. During
maximal dorsiflexion, the cursor moved to the bottom of the
display and vice versa. To maintain task complexity, we inversely
set the direction of the cursor with respect to the actual ankle
movement. The cursor moved automatically from left to right at 5 s.
A random target line (black line) was presented on the display, and
we instructed the subjects to trace it as accurately as possible by
controlling the cursor. Target line during initial 1 s and last 0.5 s
were always horizontal. The subjects performed 10 training blocks,
each of which consisted of 10 trials. The training blocks were
separated by 1-min rest periods. In experiment 1, we set 3-min rest
periods between block 3 and 4, and between block 6 and 7 in order
to avoid the muscle fatigue. The value of the vertical axis of the
bottom and top of the display is arbitrarily defined �1 and 1,
respectively. We calculated the performance score for each trial as
the mean difference between the target line and the actual position
of the ankle joint (red cursor) at 200 points. In this task, the subjects
were required to adjust the red cursor in the middle of the display
without any feedback at the beginning of the first trial in each block
because the initial position of the target line was set to the middle
of the display. Therefore, the performance of the first trial in each
block was always wrong. For that reason, we excluded the data in
the first trial in each block from the analysis.

Experiment 1

Twenty subjects (4 females; mean age: 22.5 � 2.5 years)
participated in this experiment over two consecutive days. Before
the learning session on Day 1, we recorded the aMT, the IeO curve,
Hmax, and Mmax. After the learning session, we recorded the IeO
curve, Hmax, and Mmax. On the next day, the subjects performed the
visuomotor tracking task without measurement of any physiolog-
ical data (Day 2).

Control experiment

Seven subjects participated in control experiment (2 females;
mean age: 22.3 � 1.3 years). All subjects participated in experiment
1 and they are in long slow-learning group (see below). The interval
between themain experiment and control experimentwere at least
3 months. We asked subjects to perform the tracking task without
visual feedback. The target line was displayed in the same way as
main experiment, but red cursor (subject’s cursor) was only visible
during initial 1 s and last 0.5 s in each trial in order to move the
cursor to the initial position. During the cursor was disappeared,
subjects performed the ankle movement with the imagination that
the cursor matches to the target. The protocol of the control
experiment was same as the experiment 1. The performance score
was calculated during the cursor was not visible (150 points). In this
control task, EMG activity during the task was almost as much as
the task with visual feedback (Fig. 1B). However, the learning did
not occur (see Fig. 4).

Experiment 2

Eleven subjects (2 females; mean age: 22.1 � 1.8 years)
participated in this experiment. As with the experiment 1, we
recorded IeO curves and Mmax before and after the task. In addi-
tion, we obtained IeO curve and Mmax immediately after the fast-
learning stage (post fast-learning) in order to clarify whether the
fast-learning stage contributed to the changes in the IeO curve.
The subjects performed 10 training blocks. The training blocks
were separated by 1-min rest periods. Because the endpoint of the
fast-learning stage is different between subjects, the time point of
the post fast-learning was different between subjects. We defined
the endpoint of the fast-learning stage based on the data of
experiment 1. To define the endpoint of the fast-learning stage, we
set two requirements: 1) relative performance values against the
performance of block 1 must be less than 0.65 consecutively twice.
2) The difference between the two consecutive relative values that
are below 0.65 must be less than 0.15 (i.e. no improvement within
these two consecutive blocks). The 0.65 is mean (0.55) plus 1SD
(0.10) at endpoint of fast-learning stage in experiment 1. When we
used this definition to data of experiment 1, we can detect the
endpoint of the fast-learning stage within �3 blocks compared
with estimating it by two-piece linear regression method (see
below) in 19 out of 20 subjects. Furthermore the coefficient of
determination between the endpoints of fast-learning stage esti-
mated by two-piece linear regression method and estimated by
this definition is 0.73 (P < 0.01). Therefore, we use this definition
in order to detect the endpoint of the fast-learning stage in the
experiment 2. Three subjects did not satisfy these requirements
within 10 blocks. We excluded the data of the three subjects from
analysis.

Data analysis

In order to define the stage of motor learning in experiment 1,
we approximated the learning curve using two-piece linear
regression byminimizing the residual sum of the squares of the two
types of regression line (Fig. 2 and Supplementary Fig.1).We set the
following requirement for the approximate: the slope of the left
regression line must be negative. Because the blocks approximated
by left regression line are defined as the fast-learning stage that is
represented by great performance improvement. We separated the
fast- and slow-learning stages based on the inflection point.
Furthermore, we divided all of the subjects into two groups. We
classified the subjects who exhibited a longer slow-learning stage
into the long slow-learning group (LSL: n ¼ 10, 2 females), and the
other subjects were termed the short slow-learning group (SSL:
n ¼ 10, 2 females).

In experiment 1, between-group differences in the performance
score for block 1, performance improvement, age, Mmax, inflection
point, and aMT were assessed using a non-paired t-test. The dif-
ferences in the pre and post bEMG activity at each stimulus in-
tensity were assessed using paired t-test. In control experiment,
the differences between the pre and post IeO slope, the pre and
post bEMG activity at each stimulus intensity, and the perfor-
mance score in the block 1 and block 10 were assessed using a



Figure 3. A: Performance scores for blocks 1 and 10. All subjects improved their
performance. B: The pre and post IeO slope for all subjects. The changes in the slope of
the curve were highly variable. **P < 0.01.Figure 2. A specimen learning curve (mean � SD). The dashed lines represent the

regression equations derived from the two-line regression analysis. We separated the
fast (white circles) and slow (black circles) learning stages using the inflection point.
The number of blocks in the slow-learning stage was calculated in order to perform
correlation analysis and to classify the subjects into the LSL and SLS groups.
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paired t-test. Three-way repeated measures ANOVA was
performed to test for differences in the IeO curve
(group � intensity � time). Two-way repeated measures ANOVA
was also used to test for differences in the time course of perfor-
mance score (group � block), retention (day � group), and Hmax/
Mmax (group � time). Bonferroni’s post-hoc test for multiple
comparisons was used for further analyses. To analyze of the
correlations between the changes in the IeO slope and 1) the
number of blocks in the slow-learning stage or 2) the degree of
motor skill retention, we performed analyses using Spearman’s
rank correlation coefficient. To further analysis, we performed
partial correlation and semi-partial correlation analysis using
Spearman’s partial rank correlation coefficient. We calculated
performance improvement as the difference between the perfor-
mance scores for blocks 1 and 10. We normalized the mean per-
formance data for each block to the mean performance data for
block 1 when we calculated the performance improvement. In
experiment 2, between-experiment differences in the block 1
performance, performance improvement, endpoint of the fast-
learning stage, age, baseline IeO slope, Mmax, and aMT were
assessed using a non-paired t-test. The differences in the pre, post
fast-learning, and post bEMG activity were assessed using paired t-
test. One-way repeated measures ANOVA was used to test for
difference in the changes in the IeO slope (time). Shaffer’s post-
hoc test for multiple comparisons was used for further analyses.
We test the relationships between the changes in the IeO slope at
post fast-learning and the number of blocks in the fast-learning
stage, the changes in the IeO slope at post and the number of
blocks in the slow-learning stage using Spearman’s rank correla-
tion coefficient. All data are shown as the mean � SD values.
Table 1
bEMG (% of MVC) activity observed in each condition.

bEMG activity (% of MVC)

Pre Post Paired t-test

1.0 � aMT 10.84 � 1.42 10.97 � 1.26 P ¼ 0.72, NS
1.2 � aMT 10.49 � 1.28 10.95 � 1.10 P ¼ 0.07, NS
1.4 � aMT 10.93 � 1.48 11.04 � 1.19 P ¼ 0.66, NS
1.6 � aMT 11.25 � 1.40 11.06 � 1.60 P ¼ 0.48, NS

NS: not significant, bEMG: background EMG,MVC:maximum voluntary contraction,
aMT: active motor threshold.
Results

Experiment 1

Changes in performance and IeO curves in all subjects
All subjects in the experiment 1 improved their task perfor-

mance during the 10 blocks (Fig. 3A; block 1: 0.21 � 0.08, block 10:
0.11 � 0.02; t ¼ 6.64, P < 0.01). However, there was no significant
difference between the pre and the post IeO slopes in the average
of all subjects (Fig. 3B; pre: 0.47 � 0.20, post: 0.50 � 0.19; t ¼ 1.39,
P ¼ 0.18). In addition, there was no significant difference in bEMG
activity between the pre and the post sessions at any TMS intensity
(Table 1).
Relationship between changes in IeO slope and motor learning stage
First, to examine the effects of motor learning stage, we divided

the subjects into the LSL and the SSL groups. There were no sig-
nificant differences in any fundamental parameters, such as block 1
performance (LSL: 0.21 � 0.07, SSL: 0.22 � 0.08; t ¼ 0.30, P ¼ 0.76),
performance improvement (LSL: 0.48 � 0.17, SSL: 0.41 � 0.14;
t ¼ 0.95, P ¼ 0.36), age (LSL: 21.8 � 1.32, SSL: 23.2 � 3.26 years;
t ¼ 1.26, P ¼ 0.23), Mmax (LSL: 5.83 � 1.66 mV, SSL: 6.95 � 1.86 mV;
t ¼ 1.43, P ¼ 0.17), or aMT (LSL: 41.30 � 6.89%, SSL: 43.40 � 6.13%;
t¼ 0.72, P¼ 0.48) between the two groups. Figure 4 shows the time
course of the changes in themean performance score of each group.
We performed two-way repeated measures ANOVA between the
LSL and the SSL group. A significant effect of block on the perfor-
mance was detected (main effect of block: F19,342 ¼ 42.07, P < 0.01).
A significant difference in the performance between the two groups
was also detected (main effect of group: F1,18 ¼ 4.61, P < 0.05). In
addition, the positions of the inflection points also differed signif-
icantly between the two groups (LSL: 4.0 � 0.67, SSL; 8.3 � 1.49,
t ¼ 8.31, P < 0.01). These results suggest that the subjects in the LSL
group learned faster than those in the SSL group.

Figure 5AeC shows the pre and the post IeO curves of the each
group, respectively. The result of three-way repeated measures
ANOVA was shown in Table 2. There was a significant effect of in-
tensity and time. In addition, there was a significant group � time
interaction. Then, we detected a simple main effect of time at the
LSL group (F1,36 ¼ 21.35, P < 0.01), but not in the SSL group
(F1,36 ¼ 0.01, P¼ 0.93). Post-hoc test revealed significant differences
between the pre and the post values at 1.4 and 1.6 � aMT in the LSL
group (Fig. 5A).

To investigate the notion that just performing the ankle move-
ment simply causes the changes in the IeO slope, we asked the
subjects in the control group to perform the tracking task without
visual feedback.We found no improvement of the task performance
(Fig. 4; block 1: 0.27� 0.07, block 10: 0.25� 0.02, t¼ 0.95, P¼ 0.38)
and no changes in the IeO slope in control experiment (Fig. 5C; pre:
0.47 � 0.17, post: 0.46 � 0.14, paired t test; t ¼ 0.11, P ¼ 0.91). In



Figure 5. Pre and post IeO curves for the LSL group (A), SSL group (B), control (C).
**P < 0.01.

Figure 4. The time courses of the performance scores for the LSL group (black circles),
SSL group (white circles) and control group (white rhombus). The SSL group exhibited
worse performance than the LSL group in most blocks. The learning did not occur in
the control group.
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addition, there was no significant difference in bEMG activity be-
tween the pre and the post sessions at any TMS intensity (P> 0.05).
These results suggest that the IeO slope did not change when
learning did not occur.

We also performed an analysis of the correlation between the
degree of variability in the IeO slope and the number of blocks in
the slow-learning stage. Surprisingly, the changes in the IeO slope
were strongly correlated with the number of blocks in the slow-
learning stage (Fig. 6A; Spearman’s r ¼ 0.70, P < 0.01). However,
we also detected a significant negative relationship between the
baseline IeO slope and the change in the IeO slope (Fig. 6B;
Spearman’s r ¼ �0.47, P < 0.05). Furthermore, the group means of
the baseline IeO slope tend to be larger in the SSL than the LSL
group (paired t test; t¼ 1.76, P¼ 0.10). It is possible that the changes
in the IeO slope induced by motor skill learning depend on the
baseline excitability. Accordingly, we performed semi-partial cor-
relation analysis. This method could be used to analyze a correla-
tion between two variables except for the effects of one related
variable. We analyze the correlation between the changes in the
IeO slope and the number of blocks in the slow-learning stage after
removing the influence of the baseline IeO slope only from the
changes in the IeO slope. Then, we detected a significant rela-
tionship between the changes in the IeO slope and the number of
blocks in the slow-learning stage (Spearman’s semi-partial r¼ 0.62,
P < 0.01). Similarly, we also performed semi-partial correlation
analysis between the changes in the IeO slope and the baseline IeO
slope after removing the influence of the number of blocks in the
slow-learning stage. We found the no significant correlation be-
tween the changes in the IeO slope and the baseline IeO slope
(Spearman’s semi-partial r¼�0.38, P¼ 0.09). Although the trend of
correlation (P¼ 0.09) was observed between the baseline IeO slope
and the changes in the slope, these findings indicate that the sub-
jects that displayed longer slow-learning stages also exhibited the
larger increases in the IeO slope.

Hmax/Mmax

In order to investigate the spinal motoneuron pool excitability
before and after the motor task, we calculated the ratio of the Hmax

to the Mmax for the TA (LSL: pre; 5.40 � 2.65%, post; 6.01 � 2.64%,
SSL: pre; 4.93 � 3.84%, post; 5.34 � 3.88% of Mmax). Two-way
repeated measures ANOVA detected no significant main effect of
group (F1,18 ¼ 0.16, P > 0.05) and time (F1,18 ¼ 0.97, P > 0.05) and
group � time interaction (F1,18 ¼ 17.47, P > 0.05).

Relationship between changes in IeO slope and retention
All of the subjects performed the same task on two consecutive

days. We calculated the degree of variability between the mean
performance score for blocks 9e10 on Day 1 and the mean per-
formance score for blocks 1e2 on Day 2 to evaluate the extent of
skill retention ((Day 2 � Day 1)/Day 1). Figure 7A shows the mean
performance score for blocks 9e10 on Day 1 and that for blocks 1e2
on Day 2 in each group. Two-way repeated measures ANOVA
detected significant main effects of day (F1,18 ¼ 5.32, P < 0.05) and
group (F1,18 ¼ 5.53, P < 0.05). In the SSL group, the mean



Table 2
Summary of three-way repeated measures ANOVA with factors of “group,” “in-
tensity,” and “time” on IeO curve.

df F value P value

Group 1 0.692 0.408, NS
Intensity 3 48.827 <0.001
Time 1 6.874 0.011
Group � intensity 3 0.754 0.524, NS
Intensity � time 3 1.294 0.283, NS
Group � time 1 6.140 0.016
Group � intensity � time 3 1.894 0.138, NS

NS: not significant. Bold represents statistically significant results, P < 0.05.
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performance score for the first 2 blocks on Day 2 was significantly
worse than that for the last 2 blocks on Day 1 (t ¼ 2.96, P < 0.05).
The correlation between the degree of variability in the IeO slope
and the retention was also analyzed. Interestingly, we detected a
strong negative correlation between these variables (Fig. 7B;
Spearman’s r¼�0.59, P< 0.01). Furthermore, we performed partial
correlation analysis between the retention and the changes in the
IeO slope and the baseline slope because these three factors were
correlated with each other, respectively (Fig. 7B; retention and
changes in the IeO slope: r¼�0.59, P< 0.01, Fig. 6B; changes in the
IeO slope and baseline slope: r ¼ �0.47, P < 0.05, Fig. 7C; baseline
slope and retention: r¼ 0.60, P< 0.01). The significant relationships
between the retention and the changes in the IeO slope (Spear-
man’s partial r ¼ �0.43, P ¼ 0.05) and between the retention and
the baseline slope (Spearman’s partial r ¼ 0.46, P < 0.05) were also
detected. These results suggest that both baseline IeO slope and
changes in the IeO slope are good predictors of retention of newly
acquired motor skills.

Sensitivity analysis about length of the slow-learning stage
As described above, we found the significant relationships be-

tween the number of blocks in the slow-learning stage and the
changes in the IeO slope, between the changes in the IeO slope and
the retention. In this study, we measured the number of blocks in
the slow-learning stage of Day 1 by the two-piece linear regression
method using the data of Day 1 and Day 2. There is a question that
the data of Day 2 affected the estimation of the number of blocks in
the slow-learning stage of Day 1. Therefore, we should investigate
whether our estimation method that includes the data of Day 1 and
Day 2 could reflect the length of the slow-learning stage of Day 1
well. In order to solve this question, we performed a sensitivity
Figure 6. A: The relationship between the change in IeO slope and the number of blocks in
B: The relationship between the baseline IeO slope and the change in IeO slope. Circles r
analysis about the length of the slow-learning stage. We fit the two
piece-linear regression function on the data of Day 1 with the
length of slow-learning stage fixed to the number of blocks that was
determined by the two-piece linear regression function on the data
of Day 1 and Day 2. Then we approximated the data of Day 1 with
the length of slow-learning stage increased and decreased. We
computed the R square value for each of three different fits. Based
on the R square values, we redetermined the number of blocks in
the slow-learning stage for each subjects (Table 3). And then, we
performed a correlation analysis between the number of blocks in
the slow-learning stage that was redetermined by above sensitivity
analysis and the changes in the IeO slope. We found that the
relationship between the number of blocks in the slow-learning
stage and the changes in the IeO slope was still significant (Fig. 8,
Spearman’s r ¼ 0.67, P < 0.01). The result suggests that our esti-
mation could detect the slow-learning stage of Day 1 well.

Experiment 2

Changes in IeO slope after fast-learning stage
All subjects in experiment 2 improved their performance during

10 blocks (1block: 0.21 � 0.07, 10block: 0.11 � 0.03, t ¼ 5.46,
P < 0.01). There were no significant differences in any fundamental
parameters, such as block 1 performance (experiment 1:
0.21 � 0.07, experiment 2: 0.21 � 0.07; t ¼ 0.027, P ¼ 0.98), per-
formance improvement (experiment 1: 0.45 � 0.15, experiment 2:
0.44 � 0.09; t ¼ 0.06, P ¼ 0.95), endpoint of the fast-learning stage
(experiment 1: 6.10 � 2.55, experiment 2: 4.75 � 1.83; t ¼ 1.36,
P ¼ 0.19), age (experiment 1: 22.50 � 2.52years, experiment 2:
22.50 � 1.77years; t ¼ 0.00, P ¼ 1.00), aMT (experiment 1:
42.35� 6.43%, experiment 2: 40.25� 5.68%; t¼ 0.80, P¼ 0.43), and
baseline IeO slope (experiment 1: 0.47 � 0.20, experiment 2:
0.65 � 0.25, t ¼ 1.95, P ¼ 0.06) between the experiment 1 and 2.
However, there was a significant difference in Mmax (experiment 1:
6.38 � 1.76 mV, experiment 2: 4.70 � 1.76 mV, t ¼ 2.42, P < 0.05)
between the two experiments. Figure 9A shows the changes in the
IeO slope at pre, post fast-learning, and post. One-way repeated
ANOVA detected significant main effect of time (F2,14 ¼ 8.69,
P < 0.01). Post-hoc Shaffer’s test revealed significant increases in
the IeO slope at post compared with pre (pre: 0.64 � 0.25, post:
0.72 � 0.24, P < 0.05) and compared with post fast-learning (post
fast-learning: 0.67 � 0.26, post: 0.72 � 0.24, P < 0.05). There are no
significant changes in the IeO slope at post fast-learning (pre:
0.64 � 0.25, post fast-learning: 0.67 � 0.26, P > 0.05). Furthermore,
there were no significant differences in bEMG activity between the
the slow-learning stage. Circles represent LSL group and squares represent SSL group.
epresent LSL group and squares represent SSL group. Spearman’s r ¼ �0.47, P < 0.05.



Figure 7. A: The mean performance scores for blocks 9e10 on Day 1 and blocks 1e2 on Day 2 in each group. *P < 0.05. B: Correlation between the change in IeO slope and motor
skill retention. Circles represent LSL group and squares represent SSL group. C: Correlation between the baseline IeO slope and motor skill retention. Spearman’s r ¼ 0.60, P < 0.01.
Circles represent LSL group and squares represent SSL group.

M. Hirano et al. / Brain Stimulation 8 (2015) 1195e1204 1201
pre (10.28 � 0.82% of MVC), post fast-learning (9.93 � 0.72%), and
post sessions (9.92 � 1.10%). As with experiment 1, we performed
correlation analysis. We found significant relationship between the
number of blocks in the slow-learning stage and the changes in the
IeO slope at post (Fig. 9B; Spearman’s r ¼ 0.75, P < 0.05), but not
between the number of blocks in the fast-learning stage and the
Table 3
R square values for each of three different fits in all subjects.

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5

þ1 0.84539 0.55275 0.841119 0.873338 0.93013
0 0.832081 0.270067 0.87847 0.90855 0.917469
�1 0.743708 e 0.777598 0.904241 0.881984

Subject 6 Subject 7 Subject 8 Subject 9 Subject 10

þ1 0.966494 0.879416 0.96237 0.939964 0.572007
0 0.97274 0.88957 0.9705 0.97325 0.80005
�1 0.958644 0.790895 0.913931 0.867648 0.580349

Subject 11 Subject 12 Subject 13 Subject 14 Subject 15

þ1 0.532587 0.72139 0.887563 0.92677 0.844023
0 0.77206 0.72069 0.93518 0.923776 0.88642
�1 0.441165 0.711349 0.925175 0.915804 0.720391

Subject 16 Subject 17 Subject 18 Subject 19 Subject 20

þ1 0.95555 0.74978 0.921798 0.747663 0.97598
0 0.939831 0.744434 0.921323 0.77583 0.970946
�1 0.904503 0.735205 0.92393 e 0.967851

0 means the inflection point of the learning stages that was determined using the
data of day1 and day2. þ1 means plus 1 block to the 0 and �1 means minus 1 block
from the 0. The R square values were determined using the data of day 1 only. The
boldface represents the best R square value in each subjects. Because Subject 2 and
Subject 19 did not have slow-learning stage in day 1, there are blank columns in �1.
changes in the IeO slope at post fast-learning (Fig. 9C; Spearman’s
r ¼ �0.05, P ¼ 0.91). These results indicate that the changes in the
IeO slope induced by motor skill learning occur during the slow-
learning stage.
Discussion

The main findings of this study were as follows: 1) significant
changes in the IeO slope were only observed in the LSL group, and
Figure 8. The relationship between the IeO slope and the number of blocks in the
slow-learning stage that redetermined by the sensitivity analysis. Circles represent LSL
group and squares represent SSL group.



Figure 9. A: The changes in the IeO slope at pre, post-fast-learning, post in experiment 2. *P < 0.05. B: Correlation between the change in IeO slope at post and the number of
blocks in the slow-learning stage. C: Correlation between the change in IeO slope at post fast-learning and the number of blocks in the fast-learning stage.
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the changes were significantly correlated with the number of
blocks in the slow-learning stage; 2) A strong relationship was
detected between the learning-induced changes in the IeO slope
and the retention of the skills required for the visuomotor tracking
task. 3) The significant changes in the IeO slope occur after the
slow-learning stage, but not after the fast-learning stage.

Relationship between changes in M1 excitability and learning stage

In experiment 1, the significant changes in the IeO slope were
only observed in the LSL group, and the changes were correlated
with the number of blocks in the slow-learning stage. In experi-
ment 2, we found the significant changes in the IeO slope occur
during the slow-learning stage, but not during the fast-learning
stage. Furthermore, no changes in the IeO slope were found in
the control task. The spinal motoneuron pool excitability (Hmax/
Mmax) was not changed by motor skill learning. These results
indicate that M1 excitability is modulated during slow-learning
stage of motor skill learning. Based on our results, we propose a
possible mechanism for changes in M1 excitability induced by
motor skill learning.

Two types of processing modes are known to operate during
motor skill learning: an initial mode, which requires a great degree
of effort to control, and an automatic mode [26]. Previous studies
have suggested that a shift in processing mode from the initial to
the automatic mode occurs during motor skill learning [6,11,27,28].
The initial mode is in operation during the fast-learning stage, and
the automatic mode is employed during the slow-learning stage.
Karni et al. (1998) suggested that the fast-learning stage involves
processes aimed at searching for the optimal way of performing the
task [29]. In the present task, the subjects search the optimal way of
performing the task with trial and error during the fast-learning
stage. Therefore, it is possible that various motor commands are
used to perform the task during the fast-learning stage. Conversely,
optimal motor commands that are acquired during the fast-
learning stage are repeatedly used to perform the task during the
slow-learning stage. M1 plasticity is use-dependent [30,31]; in
other words, changes in M1 excitability occur when same neural
networks are repeatedly used. In an animal study, Kleim et al.
(2004) demonstrated that motor map reorganization and syn-
aptogenesis occur during late phase of motor skill learning [32].
Rioult-Pedotti et al. (2000) reported that motor learning occurs
through long-term potentiation (LTP) involving horizontal con-
nections in the M1 [33]. Masamizu et al. (2014) found that accuracy
of lever movement (forelimb movement learned through training)
predicted from neuronal ensemble activity in layer 5a of the fore-
limb M1 improves during the late stage of learning [34]. Previous
study demonstrated that the disruption of M1 function by TMS in
the slow-learning stage of adaptive learning could reduce adapta-
tion [12]. Taken together, these findings suggest that plastic
changes in the M1 such as LTP or rewiring of the neuronal circuits
might occur during the slow-learning stage. A more plausible hy-
pothesis is that changes in M1 excitability are induced by repeated
use of same neural networks (i.e. optimal motor commands) during
the slow-learning stage.

In this study, we found a significant negative relationship be-
tween the baseline M1 excitability and changes in M1 excitability
induced by motor skill learning in experiment 1. It is possible that
further increasing M1 excitability is difficult when the baseline
excitability was already high. Therefore, no changes in M1
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excitability in the SSL group might be caused by the high baseline
excitability. However, we detected a significant correlation between
the changes in IeO slope and the number of blocks in the slow-
learning stage although we performed semi-partial correlation
analysis which removes the influence of the baseline slope only
from the changes in IeO slope. Furthermore, the relationships be-
tween the baseline IeO slope and the changes in the IeO slope
diminished when we performed semi-partial correlation analysis.
Therefore, the relationship between the changes in M1 excitability
and slow-learning stage certainly exists.

No changes in M1 excitability on average of all subjects in
experiment 1

We observed a high degree of inter-individual variability in the
learning-induced changes in M1 excitability in experiment 1,
although all of the subjects improved their performance during the
study period. For this reason, significant changes in M1 excitability
were not detected by the average of all subjects in experiment 1.
Recently, Schlerf et al. (2012) demonstrated that visuomotor
adaptation does not cause changes in cortico-spinal excitability
[35]. Furthermore, it was demonstrated that changes in cortico-
spinal excitability after walking adaptation are linked to task diffi-
culty but not to adaptation [36]. However, many studies have
detected significant changes in M1 excitability induced by motor
skill learning [37e40]. There are some possibilities that the
different results are observed among studies including our study.
First, it is possible that different processes involve in motor adap-
tation and motor skill learning. Second, the differences of the tasks
may affect the results. Target line was changed every trial in our
visuomotor tracking task. However, in most of the studies using
visuomotor tracking task, several type of target lines were pre-
sented repetitively during the task [20,37]. This reason might lead
slow performance improvement to our subjects than other previ-
ous studies and that’s why there were no changes in M1 excitability
on average. Third, we recorded the MEP from TA by double-cone
coil. It has been demonstrated that the component of I-wave is
different between recording MEP from hand muscle by figure-of-
eight coil and from leg muscle by double cone coil [41].
Furthermore, we asked the subjects to maintain isometric ankle
dorsiflexion during MEP recording in order to reduce the threshold
required to evoke MEP in the TA. Voluntary muscle contraction
induces some physiological phenomena in M1 (e.g. reduction of
short-interval intracortical inhibition) [42]. Most of previous
studies that demonstrated changes in M1 excitability after motor
skill learning measured the MEP in a resting condition [20,37].
These possibilities might affect the results. However, we detected
significant increases in M1 excitability after learning in experiment
2. It is because that we excluded the subjects who did not finish the
fast-learning stage within 10 training blocks. When we exclude the
data of subjects that the number of blocks in the slow-learning
stage is 0 or 1, we could detect a significant increase in the IeO
slope in experiment 1. Therefore we emphasize that inter-
individual variability of length of the slow-learning stage affects
strongly to the results.

Relationship between changes in M1 excitability and motor skill
retention

To best of our knowledge, our study is the first to demonstrate
the relationship between the leg M1 excitability and the perfor-
mance retention. Recently, several studies have demonstrated that
the M1 plays a crucial role in the retention of learned motor skills
[43,44]. Most of these studies investigated the role of the hand M1
in the modulation of cortical excitability before or after task
learning using rTMS or tDCS [45,46]. However, motor skill learning
itself is able to induce changes in M1 excitability. In addition, the
homeostatic meta-plastic principle, which is the alteration of the
efficacy of the intervention depend on “cortical history,” should be
taken into consideration when such interventions are employed
before or after motor learning [47]. However, previous studies that
investigated the relationship between motor skill retention and M1
excitability using interventions such as rTMS or tDCS ignored
learning-induced changes in M1 excitability and the homeostatic
meta-plastic principle. If the M1 stores motor memory, changes in
M1 excitability induced by motor skill learning will be associated
with retention of learnedmotor skills. Previous study demonstrated
that LTP-like plasticity is essential for performance retention
[48,49]. In the present study, a reduction in the performance score
during the first two blocks performed on Day 2 only occurred in the
SSL group. Furthermore, we detected a significant correlation be-
tween the changes in leg M1 excitability and the motor skill
retention. Our results agree with those of a previous study [19].
Previous study demonstrated that the disruption of theM1 function
by TMS in the slow-learning stage of adaptive learning could
impede the adaptation [12]. As mentioned above, the repeated use
of optimal motor commands during the slow-learning stage in-
duces changes in M1 excitability. We speculate that increasing M1
excitability during the slow-learning stage reflects the strong for-
mation of the optimal neural networks. Therefore, the strong cor-
relation between the changes in M1 excitability and the retention
was found.

Strangely, we observed a significant negative relationship be-
tween the baseline M1 excitability and the performance retention.
Many previous studies indicated the M1 plays critical role in per-
formance retention. However, we are not able to explain well why
the baseline M1 excitability had relationship with the retention
(the lower the baseline excitability, the retention is good). This
result suggests that baseline M1 excitability might have relation-
ship with retention.

Conclusions

The results of the present study provided two insights about
motor skill learning. 1) M1 excitability is modulated during the
slow-learning stage of motor skill learning. 2) The degree of motor
skill retention observed on the next day was strongly correlated
with the learning-induced changes in leg M1 excitability. We sug-
gest that changes in M1 excitability reflects the strong formation of
the neural networks which represents the optimal motor com-
mands, and such phenomenon occurs during the slow-learning
stage of motor skill learning because optimal motor commands
were repeatedly used during the slow-learning stage. We argue
that the present results improve our knowledge regarding motor
skill learning.

Appendix. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.brs.2015.07.025.
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