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Abstract

The amount of practice and time interval between practice sessions are important factors

that influence motor learning efficiency. Here, we aimed to reveal the relationship between

the retention and consolidation of a new internal model, and the amount of practice and time

interval between practice sessions. We employed a visuomotor rotation tracking task to test

the hypotheses that (1) a new internal model consolidates owing to extensive practice after

reaching a task performance plateau and (2) a longer time interval between practice ses-

sions makes it difficult to activate a new internal model. The participants were assigned to

one of the four groups that differed in terms of the amount of practice and the time interval

between practice sessions. They performed a tracking task in which they experienced 120˚

clockwise visuomotor rotation and were required to track a moving target on a computer dis-

play using a mouse cursor. To evaluate the retention and consolidation of a new internal

model, we calculated the aftereffects and savings as measures of motor learning. To the

best our knowledge, this is the first study to manipulate both the amount of practice and the

time interval between practice sessions simultaneously in one experiment using a visuomo-

tor tracking task. Our results support the previously reported idea that extensive practice is

necessary for the consolidation of a new internal model.

Introduction

The efficiency of human motor learning is significantly enhanced by minimizing the amount

of practice, while maximizing the time interval between practice sessions without losing what

is learned. Various studies have been conducted to model the optimal method of practice for

maximizing motor learning performance [1]. For example, the effects of practice conditions,

such as contextual interference and knowledge of results [2–4] and physical fatigue [5] on per-

formance have been investigated. Besides these factors, we focus on the practice schedule, i.e.,

the duration of practice and the time interval between practice sessions. For people who try to

learn or improve a new motor skill, a critical problem is how long they should practice in a day
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and how many days of rest they are allowed between sessions to maintain their skills. There-

fore, to establish a method for efficient motor learning, it is necessary to determine the effects

of the amount of practice and the time interval between practice sessions on motor learning.

Effect of amount and time interval of practice

In terms of the amount of practice, neurophysiological studies have suggested that extensive

practice is important for the consolidation and retention of motor memory [6]. In addition,

imaging studies on human motor sequence learning and recent studies on human visuomotor

adaptation have shown that saturation learning caused by extensive practice facilitates the

retention of newly acquired motor skills [7–10]. For efficient motor learning, the time interval

between practice sessions should not be too long or too short. Passage of time is one of the

main factors that decays motor memory [8, 11–13]. However, some studies have reported that

a certain time interval facilitates the consolidation of motor memory [14–16]. Shadmehr and

his colleagues [14–16] suggested that time passage is necessary to reduce task-irrelevant motor

commands and stabilize motor memory. Therefore, to avoid wasting time and effort, it is nec-

essary to determine the optimal time interval.

Krakauer, Ghez [8] suggested that consolidation for visuomotor learning becomes more

resistant to retrograde interference when the amount of initial learning is increased, and that a

longer time interval causes time decay of consolidated motor memory. In a series of experi-

ments, they used a reaching task with visuomotor rotation to test the retrograde interference

effect. They manipulated the time interval between the initial rotation learning and counter-

rotation learning (5 min vs 24 h). The time interval between the counter-rotation learning and

rotation re-learning was 24 h or 48 h. The amount of initial learning was 264 trials or 528 trials.

The results showed that the amount of the initial practice contributed to a stronger resistance

to interference. In addition, they indicated that a longer time interval caused time decay even

in consolidated motor memory.

Trempe and Proteau [9] showed that a 24-h interval after extensive practice facilitates inter-

nal model consolidation. They performed an experiment involving a reaching task, in which

they manipulated the amount of practice in the first session (24 trials vs. 144 trials) and the

time interval between the first session and re-learning session (10 min vs. 24 h). The results of

the experiment showed that when the participants performed 24 trials in the first session, their

performance in the re-learning session decreased to the baseline level despite the different

time interval conditions. In contrast, when the participants performed 144 trials in the first

session, the 24-h-interval group showed more persistent aftereffects than the 10-min-interval

group. From these results, it was concluded that performance improvement to a certain level

in the first session leads to internal model consolidation after 24 h.

Although these previous studies investigated the consolidation of motor memory by manip-

ulating the amount of the practice or time interval between practice sessions, the interaction

between them in long-term motor learning has not been directly addressed. Trempe and Pro-

teau [9] focused on the difference between short-term retention (10 min) and long-term reten-

tion (24 h) of motor memory after the first practice session. Further, in a previous study of

considerable importance, Krakauer, Ghez [8] performed several experiments with different

amounts of practice and time intervals between practice sessions; however, they did not

directly investigate the interaction between the time interval until the re-learning session and

the amount of practice in the initial session. Thus, regarding the amount of practice and time

interval between practice sessions, it remains unclear how these factors affect the acquisition

and long-term retention of a new internal model.

Effects of the amount of practice and time interval on the retention of internal models
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The current study aimed to determine the effect of the amount of practice and long-term

intervals between practice sessions on the retention and consolidation of an internal model.

We assumed that motor learning and consolidation within the time frame of a day is impor-

tant for the optimization of the practice schedule in motor skill learning. Therefore, we sched-

uled an experiment based on a longer span of time than that used by Trempe and Proteau [9].

We manipulated the amount of practice on Day 1 (20 sessions vs. 10 sessions) and the time

interval between practice sessions (24 h vs. 48 h). The objective of the present study was to

determine the relationship between motor learning and amount of practice and time intervals

between practice sessions.

Internal model of visuomotor rotation

The acquisition of motor skills can be interpreted as that one acquires a new internal model

for the skill. An internal model is a neural mechanism in the central nervous system (CNS)

that can mimic and simulate the behavior of the sensorimotor system and objects in the real

world, that is, the external environment outside of our body [17]. Using this model, one can

predict sensory feedback as the consequences of movements by using efference copies of

motor commands [18, 19]. Assuming that internal models exist in the CNS, we can explain

how humans solve the problem regarding time delay during visual feedback in motor control

to achieve fast and smooth movement and to flexibly adapt to changes in the real world [20–

22]. Neurophysiological and imaging studies have suggested that the cerebellum acquires

internal models by using error signals that are the differences between the predicted and actual

sensory consequences [19, 23–25]. These studies suggested that the cortico-cerebellar network

is the neural substrates involved in internal models for motor production and motor control

[20, 23, 26].

Aftereffects and savings

The degree of motor learning progression is assessed based on aftereffects and savings. These

two measures were calculated from the task performance, which is evaluated as the distance

between the target and the cursor. Aftereffects refers to a rapid increase in error during a

motor learning task, which is observed when the external environment changes after the par-

ticipants adapt to the previous environment. For example, in visuomotor adaptation tasks, the

most important information about the external environment is regarding how the mouse cur-

sor moves according to the movement of the participants’ hand; in other words, it describes

how the movement direction of the mouse cursor is perturbed by visuomotor rotation. When

participants return to a normal environment (rotation is OFF) after they have adapted to a

novel environment (rotation is ON), error increases even they execute the task under the nor-

mal environment. This phenomenon is called “aftereffects”. Usually, aftereffects vanish rela-

tively quickly; that is, the error in the normal environment changes back to the baseline in a

short while. It is a common measure for visuomotor adaptation [8, 27–31], and it is considered

as a sign of acquisition of a new internal model [32]. Predictive feedforward control based on

internal models is necessary to achieve fast and smooth movement that is required in a track-

ing task [33]. In human motor learning, feedback control is dominant until a new internal

model is acquired, while feedforward control becomes dominant once the new internal model

consolidates [17, 20]. Therefore, we evaluated aftereffects to examine whether the participants

acquired a new internal model for a novel environment.

Savings is defined as faster re-learning of a novel environment compared to the initial

learning. [34, 35]. For example, when participants are exposed to a novel environment (rota-

tion is ON) in the visuomotor adaptation tasks twice with some time interval in between, error

Effects of the amount of practice and time interval on the retention of internal models
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decreases faster in the second exposure (re-learning) than in the first exposure (initial learn-

ing). This improvement in the efficiency of motor learning is called savings. The calculations

of savings differ among studies [36], but they are consistent with each other in that savings is

considered as an index of recalling the motor memory of visuomotor rotation that has already

been learned [8, 28, 37]. In the present study, we assessed savings to test how the amount of

initial training and time interval between practice sessions affected the retention of motor

memory.

To determine the effects of the amount of practice and the time interval between practice

sessions on the retention and consolidation of a new internal model, the present study investi-

gated the following two hypotheses: (1) A new internal model consolidates owing to extensive

practice after reaching a task performance plateau. (2) As the time interval between practice

sessions is extended, it prevents the new internal model from being activated.

Implicit learning and visuomotor tracking task

In the present study, we conducted a tracking task with 120˚ clockwise visuomotor rotation

for two days based on the work of Imamizu, Miyauchi [24] because we assumed that the con-

tributions of explicit strategies are less in the tracking task compared to the reaching task. Pre-

vious studies on visuomotor adaptation commonly involved a reaching task that required the

participants repeatedly to execute short reaching movements from a start point to a target [36,

38–42]. In contrast, the tracking task we conducted requires intuitive motor control of partici-

pants to keep tracking a randomly moving target with a cursor.

We assumed that with continuous movement in the tracking task, participants are less likely

to use explicit strategies compared to the probability of the reaching task because continuous

movement in the tracking task does not allow the participants to take time for considering

how to reduce errors during trials. While the target of the tracking task keeps moving and the

optimal movement to reduce errors changes from moment to moment, that of the reaching

task is static during the movement, likely enabling participants to develop a solution for error

reduction [43, 44]. In the learning session with visuomotor rotation, it is more complicated to

move a cursor in a direction that compensates for the imposed rotation in the tracking task

than in the reaching task. Previous studies have reported that a tracking task facilitates implicit

learning as it requires continuous and omnidirectional movements [45, 46]. Although it would

be indirect evidence regarding the implicit nature of tracking-based adaptation, rotation-

induced errors in general decrease slowly in tracking tasks compared to reaching tasks [24, 43,

44]. In addition, recent studies reported a relatively large contribution of explicit strategies in a

reaching task involving visuomotor rotation [47–50]. Although we do not exclude the possibil-

ity that the tracking task involves explicit components, to decrease the influences of explicit

learning and investigate implicit learning, we used the tracking task. Note that this does not

mean that the tracking task can eliminate all explicit strategies because as Taylor, Krakauer

[51] indicated, an explicit component is inevitably involved with motor adaptation tasks.

Material and methods

Participants

The study and consent procedure were approved by the Ethics Committee on Human

Research of Waseda University. Forty right-handed university students (20 males, 20 females;

mean age: 20.8±1.9 years) provided informed consent and performed a tracking task. All the

participants were neurologically healthy and unaware of the purpose of the study and the

experimental task. The participants were assigned to one of four experimental condition

groups that differed in terms of the amount of practice on Day 1 and the time interval between

Effects of the amount of practice and time interval on the retention of internal models
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Day 1 and Day 2. We controlled possible circadian effects within participants by carrying out

the task on Day 1 and Day 2 in the same period of time. The participants were told to get a

good night’s sleep and to avoid all forms of caffeine and alcohol for the duration of their partic-

ipation in the experiment.

Experimental setup

Fig 1 shows the experimental apparatus. The participants sat on a height-adjustable chair in

front of a desk and performed a tracking task. All the participants used the same mouse and

laptop computer (13” Dell Inspiron) placed 60 cm in front of them. The participants moved

the mouse on the surface of the horizontal desk with their right hand, and they were instructed

to keep the mouse straight when they moved it. The experimenter observed the participants

from a separate room during the task to check whether they carried out the task according to

the instructions.

Tracking task

The tracking task was created on the basis of the work of Imamizu, Miyauchi [24]. The partici-

pants performed the task on two days, separated by an interval of 24 h or 48 h. They were

instructed to track a moving ball (2 mm in diameter) using a cross-hair cursor (2 mm). The

target ball moved at an average speed of 11 cm/s. The trajectory of the target was the sum of

two waves. The trajectories were generated randomly from sine waves with two different fre-

quencies along the x and y axes. The target started its movement from the center of the display

in every trial. Each trial took 30 s and there was a 5 sec break between the trials. One session

involved four trials.

The practice schedule is shown in Fig 2. The task consisted of three sessions: the baseline

session, practice session, and testing session. In the baseline and testing sessions, visuomotor

rotation was not introduced along the movement direction of the mouse cursor; therefore, the

relationship between the movement direction of the mouse and the mouse cursor was normal.

In the practice session, the visual feedback of the mouse cursor was rotated 120˚ clockwise.

Fig 1. Experimental apparatus. The participants sat on a height-adjustable chair in front of a desk and performed a

tracking task. All the participants used the same computer mouse and laptop computer (Dell, Inspiron 13” screen)

placed 60 cm in front of them.

https://doi.org/10.1371/journal.pone.0215331.g001
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There were four experimental conditions that differed in terms of the amount of practice on

Day 1 and the time interval between Day 1 and Day 2. On Day 1, two groups (Group 1, Group

3) performed 20 sessions including one baseline session (rotation is OFF), 16 practice sessions

(rotation is ON), and three testing sessions (rotation is OFF). The other two groups (Group 2,

Group 4) performed 10 sessions on Day 1, including one baseline session, six practice sessions,

and three testing sessions. The cursor was rotated similar to the practice sessions for Groups 1

and 3. As for the time interval between practices, two groups (Group1, Group 2) performed

the second experimental session 24 h later, while the others (Group 3, Group 4) did so 48 h

later. On Day 2, all the groups performed 10 sessions including one baseline session, six prac-

tice sessions, and three testing sessions. The 10-session practice took approximately 30 min,

and the 20-session practice took approximately 60 min.

The target ball was colored green in the non-rotation condition and red when the cursor

was rotated 120˚ clockwise. Prior to the experiment, the participants were instructed to con-

centrate on tracking the target, and not to move the cursor in other ways. In addition, they

were told that the path of the target and the cursor movement were controlled in the experi-

ment, and that they might find the experiment unusual. The tracking task was written in

MATLAB, using the Psychophysics Toolbox extensions [52, 53].

Data analysis

All the trajectories of the ball and cursor were recorded using MATLAB at 60 Hz. The tracking

error was calculated as the Euclidian distance between the target and cursor. Based on this

error calculation, the aftereffects and savings were calculated as measures of visuomotor adap-

tation and motor learning, respectively. In the present study, the difference between the first

baseline session and first testing session was considered as the aftereffects. For calculating the

aftereffects, we considered the positional error in the initial two seconds of each trial. We did

not use the last two seconds because the error in that period was likely influenced by the track-

ing performance before the period, which included a large amount of feedback influence. It

was observed that at least in the tracking task, the distance error of the first few seconds well

reflected a feedforward component and stable rather than the initial directional error [43]. In

Fig 2. Training schedule. The participants were assigned to one of four groups that differed in terms of the amount of

practice on Day 1 and the time interval between Day 1 and Day 2. The gray parts of the bars represent rotation

sessions, and the white ones represent non-rotation sessions. Groups 1 and 2 performed the task twice with a 24-h

interval, while Groups 3 and 4 performed it twice with a 48-h interval. Groups 1 and 3 performed 10 sessions on Day 1,

whereas Groups 2 and 4 performed 20 sessions on Day 1.

https://doi.org/10.1371/journal.pone.0215331.g002
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addition, the savings was calculated as the percent decrease in error from the second session to

the seventh session from Day 1 to Day 2.

Statistical testing

To test if the adaptation reached a learning plateau, we performed a paired t-test to compare

errors between the last two sessions within each group. In terms of the aftereffects, we per-

formed a three-way, mixed measures ANOVA to test whether the change in error from the last

practice session to the next session differed between the four groups that varied in terms of the

amount of practice and the time interval between practice sessions. In terms of savings, we per-

formed a two-way repeated measures ANOVA to test whether the decrease rate of the error

changed from Day 1 to Day 2. The statistical test used in the present study followed that used

in previous studies [24, 30, 43–46].

Results

We calculated the errors in the tracking task for two days to investigate the effect of the

amount of practice and time interval between practice sessions on the retention and consolida-

tion of a new internal model. Although all participants noticed the rotation of the cursor in the

practice sessions, they could not describe the rotation. Fig 3 shows the changes in the errors of

the 24-h-interval groups, and Fig 4 shows those of the 48-h-interval groups. The horizontal

axis represents the number of sessions, and the vertical axis represents the task errors.

The errors increased in the second session on Day 1 and decreased after the second session.

From the 2nd session to the 17th session, the tracking errors decreased by 50.1±10.9% in

Group 1 and 37.8±13.6% in Group 3. From the 2nd session to the 7th session, the error

decreased by 26.9±12.0% in Group 2 and 25.5±13.64% in Group 4. In addition, to confirm

whether the tracking errors reached a plateau at the end of the practice sessions, we performed

a paired t- test for the errors in the last two practice sessions for each group. The results

showed that there were no significant differences between the last two sessions in all groups (t
(18) = 0.36, p = 0.72; t(18) = 0.32, p = 0.76; t(18) = 0.29, p = 0.77; t(18) = 0.27, and p = 0.79).

Fig 3. Task performance of Group 1 and Group 2 (24-h-interval groups). The horizontal axis represents the number

of sessions of the tracking task, and the vertical axis represents the average error. The dashed line separates the results

of Day 1 and Day 2. The blue line represents Group 1 (participants who performed 10 sessions on Day 1). The pink

line represents Group 2 (participants who performed 20 sessions on Day 1). The open squares represent non-rotation

sessions, and the filled circles represent rotation sessions. The background shadow shows the standard deviation of

each group. The error increased in the second session on Day 1 in both the groups, after which it decreased.

https://doi.org/10.1371/journal.pone.0215331.g003
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The aftereffects differed depending on the amount of practice. Fig 5 shows the results. A

three-way mixed ANOVA with the day of practice (Day 1, Day 2) as the within-subject factor

and the time interval (24 h vs. 48 h) and the amount of practice on Day 1 (20 sessions vs. 10

sessions) as the between-subject factors revealed a statistically significant interaction between

the day of practice and the amount of practice (F(1,36) = 8.14, p< 0. 001, ηp
2 = 0.18) and the

main effect of the amount of practice on Day 1 (F(1,36) = 31.85, p< 0. 001, ηp
2 = 0.47). A

post-hoc test revealed the simple main effect of the amount of practice on Day 1 and Day 2

and that of the day of practice on the 20-session groups (F(1,36) = 34.52, p< 0.001, ηp
2 = 0.49;

F(1,36) = 11.78, p< 0.01, ηp
2 = 0.25; F(1,18) = 6.87, p< 0.05, ηp

2 = 0.28).

In addition, we conducted two-way mixed ANOVA for each time interval condition. The

results showed that in the 48-h-interval groups, there was a statistically significant interaction

between the amount of practice and the day of practice, and a significant main effect of the

amount of practice (F(1,18) = 9.84, p< 0.001, ηp
2 = 0.35; F(1,18) = 11.34, p< 0.01, ηp

2 = 0.39).

A post-hoc test revealed that the simple main effects of the amount of practice on Day 1 and

the day of practice on the 20-session practice condition were significant (F(1,18) = 17.85,

p< 0.001, ηp
2 = 0.50; F(1,18) = 10.82, p< 0.01, ηp

2 = 0.55). In summary, in the 48-h-interval

groups, the aftereffects in the group of participants who performed 20 sessions of the task on

Day 2 was smaller than that on Day 1.

As for savings, the improvement in performance from Day 1 to Day 2 of the 20-session

groups (Group 1, Group 3) was greater than that of the 10-session groups (Group 2, Group 4).

Fig 6 shows the results. A two-way ANOVA with the time interval (24 h, 48 h) and the amount

of practice on Day 1 (20 sessions, 10 sessions) as the between-subject factors revealed the main

effect of the amount of practice(F(1,36) = 12.89, p< 0.001, ηp
2 = 0.26). There was no signifi-

cant interaction.

Further, we calculated the off-line learning gains on which Trempe and Proteau [9] focused

as an index of motor learning. The off-line gains were found to be 10.1 in Group 1, 13.9 in

Group 2, 8.7 in Group 3, and 10.5 in Group 4. A two-way between-subject ANOVA showed

neither significant main effects of the amount of practice or the time interval of practice, nor a

Fig 4. Task performance of Group 3 and Group 4 (48-h-interval groups). The horizontal axis represents the number

of sessions of the tracking task, and the vertical axis represents the average error. The dashed line separates the results

of Day 1 and Day 2. The blue line represents Group 3 (participants who performed 10 sessions on Day 1). The pink

line represents Group 4 (participants who performed 20 sessions on Day 1). The open squares represent non-rotation

sessions, and the filled circles represent rotation sessions. The background shadow shows the standard deviation of

each group. As with the 24-h-interval groups, the error increased in the second session on Day 1 in both the groups,

after which it decreased.

https://doi.org/10.1371/journal.pone.0215331.g004

Effects of the amount of practice and time interval on the retention of internal models

PLOS ONE | https://doi.org/10.1371/journal.pone.0215331 April 16, 2019 8 / 17

https://doi.org/10.1371/journal.pone.0215331.g004
https://doi.org/10.1371/journal.pone.0215331


Fig 5. Aftereffects on Day 1 and Day 2. The vertical axis represents the difference between the last rotation session

and the first non-rotation session (baseline). A mixed-design ANOVA revealed a statistically significant interaction

between the day of training and the amount of training (F(1,36) = 8.14, p< 0.001, ηp
2 = 0.18) and the main effects of

the amount of training on Day 1 (F(1,36) = 31.85, p< 0.001, ηp
2 = 0.47). A post-hoc test revealed the simple main

effect of the amount of training on Day 1 and Day 2 (F(1,36) = 34.52, p< 0.001, ηp
2 = 0.49; F(1,36) = 11.78, p< 0.01,

ηp
2 = 0.25) and that of the day of practice in the 20-session groups (F(1,18) = 6.87, p< 0.05; ηp

2 = 0.28). The aftereffects

marked with asterisks were significantly higher in the 20-session practice groups than in the 10-session practice groups

(all ps< .001).

https://doi.org/10.1371/journal.pone.0215331.g005

Fig 6. Savings in the experimental groups. The vertical axis represents savings. The savings of the 20-session groups

(Group 1, Group 3) was greater than that of the 10-session groups (Group 2, Group 4). A two-way ANOVA with the

time interval (24 h, 48 h) and the amount of training on Day 1 (20 sessions, 10 sessions) as between-subject factors

revealed the main effect of the amount of training (F(1,36) = 12.89, p< 0.001, ηp
2 = 0.26). There was no significant

interaction. The savings values marked with asterisks were significantly higher in the 20-session practice groups than

in the 10-session practice groups (all ps< .001).

https://doi.org/10.1371/journal.pone.0215331.g006
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significant interaction between these two factors (F(1,36) = 0.83, n.s., ηp2 = 0.02; F(1,36) = 1.09,

n.s., ηp2 = 0.30; F(1,36) = 0.71, n.s., ηp2 = 0.03).

Discussion

The present study investigated the effect of the amount of practice and the time interval

between practice sessions on the retention and consolidation of a new internal model. We

hypothesized that (1) a new internal model consolidates owing to extended practice after

reaching a task performance plateau and (2) a longer time interval between practice sessions

prevents the new internal model from being activated. The results of the tracking task for two

days revealed that the magnitude of the aftereffects and the savings changed depending on the

amount of practice, while the time interval between practice sessions affected the aftereffects

only when the participants practiced longer. Specifically, the aftereffects in the 20-session

groups (Group 2 and Group 4) were greater than those in the 10-session groups (Group 1 and

Group 3) on Day 1 and Day 2 regardless of the time interval between the experimental ses-

sions. In the 48-h-interval condition, the aftereffects decreased on Day 2 compared to Day 1,

where the participants performed 20 sessions of the task on Day 1 (Group 4). In addition, the

savings were greater in the 20-session groups (Group 2 and Group 4) than in the 10-session

groups (Group 1 and Group 3), regardless of the time interval. These results supported the

first hypothesis, but not the second one. By using a tracking task, the present study revealed

for the first time that additional practice after reaching a task performance plateau is important

for the consolidation of a new internal model.

Saturation learning and consolidation of internal models

The present results supported the first hypothesis; the consolidation of a new internal model is

stabilized by extended practice after reaching a task performance plateau. In the present study,

the amplitude of the aftereffects was greater in the two groups where the participants per-

formed 20 practice sessions on Day 1 (Group 2 and Group 4) than in the other two groups

where the participants performed 10 practice sessions on Day 1(Group 1 and Group 3). Note

that the error of the tracking task in all four groups did not significantly decrease in the last

two practice sessions with visuomotor rotation on Day 1. Although we cannot provide direct

evidence to conclude that Groups 1 and 3 completely reached a learning plateau, the improve-

ment in the performance in the present study did not statistically change in the last two prac-

tice sessions in all the groups. These results indicate that just a decrease in the error of the task

performance to the baseline is insufficient for the retention and consolidation of a new internal

model, and extended practice after reaching a performance plateau is important for the consol-

idation of motor learning.

From this point of view, the present study is consistent with previous studies that suggested

the importance of saturation learning in the consolidation of motor memory through a reach-

ing task [8, 9, 28, 54]. The results of previous studies that used tracking tasks [24, 55] also agree

with this idea, although their experiments focused on other issues. In the present study, consis-

tent with these studies, larger aftereffects were observed in the two groups where the partici-

pants kept practicing after their performance reached a plateau on Day 1 (Group 2 and Group

4). Our results, together with previous studies, suggest that saturation learning induces consol-

idation of the motor memory regardless of the task type.

The motor memory that could be consolidated by saturation learning might correspond to

the internal model in the framework of the motor computational theory. Shadmehr and his

colleagues proposed that a novel internal model is maintained in the working memory; it not

only persists for a short time but also easily suffers from interference by other new learning in
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the initial stage of learning [16, 56]. In addition, an unstable internal model requires further

practice to be transferred to long-term memory [16, 57]. The inference from our results does

not contradict these assumptions.

The second hypothesis, i.e., a longer time interval between practice sessions prevents the

new internal model from being activated, was not supported. The analysis of aftereffects on

Day 2 revealed that there was neither a significant interaction between the time interval

between practice sessions and the day of practice nor a significant main effect of the time

interval. Thus, the amplitude of the aftereffects did not differ between the 24-h-interval con-

dition and the 48-h-interval condition. Only one study simultaneously investigated the rela-

tionship between aftereffects and the time interval between practice sessions [9], which is

discussed later in detail. Although further investigation is necessary to reveal the relation-

ship, our results at least suggest that aftereffects, which reflects the acquisition of a new

internal model, might not decay from 24 h to 48 h. The amount of practice rather than the

time interval between practice sessions seems to affect the consolidation and retention of a

new internal model.

Savings and amount of practice and time interval between practice sessions

Based on the idea that savings reflects the process of reacquisition or re-expression of an inter-

nal model learned once [4, 40, 58–61], the present results suggest that the reacquisition or re-

expression of a new internal model is facilitated as the amount of practice increases; the larger

savings in the 20-session practice groups (Group 2 and Group 4) supports the first hypothesis

that a new internal model is stabilized by additional practice after task performance reaches a

plateau. In contrast, several studies have argued that savings is not related to the state of inter-

nal models but emerges on the basis of model-free processes such as use-dependent plasticity

and operant reinforcement [12, 35, 36, 62]; movements that successfully achieved the goal of

the task are reinforced, the motor memory is recalled, and the learning efficiency is improved.

In terms of this mechanism, as extensive practice after the task performance reaches a plateau

brings a sequence of successes to the participants, the present results can also be interpreted as

re-learning on Day 2 being facilitated by operant reinforcement.

The present result that savings was not affected by the time interval between practice ses-

sions can be interpreted in terms of both internal models and reinforced memory; if we

assume that savings reflects the process of reacquisition or re-expression of a new internal

model [4, 40, 58–61], the new model that is acquired once would not be eliminated with the

passage of time. Similarly, if we assume that savings reflect the recall of motor memory that

was reinforced by a model-free mechanism [12, 35, 36], the reinforced motor memory would

not decay with the passage of time.

In any case, our results are not consistent with those of a previous study that used the same

time intervals as those in our experiment [8]. Krakauer, Ghez [8] reported that regardless of

the amount of practice, greater savings was observed in the experimental groups where the

participants performed a re-learning task 24 h after the first learning session than in the groups

with a 48-h interval between two learning sessions (Experiment 4). The discrepancy between

the results of Krakauer, Ghez [8] and our results might be explained if we assume that motor

learning in the participants in the present study was insufficient in the 10-session groups; if

learning in the 10-session groups was less, the magnitude of savings would also be less in these

groups than in the 20-session groups. Motor learning could be insufficient owing to the differ-

ence between the tasks involved in the studies; Krakauer, Ghez [8] used a reaching task and we

used a tracking task. However, further investigation is required as it is difficult to discuss these

possibilities in detail.

Effects of the amount of practice and time interval on the retention of internal models

PLOS ONE | https://doi.org/10.1371/journal.pone.0215331 April 16, 2019 11 / 17

https://doi.org/10.1371/journal.pone.0215331


Comparison with results involving a reaching task

Here, we compare the results of Trempe and Proteau [9] with our results in detail, as both

studies manipulated the amount of practice and the length of time interval between practice

sessions to investigate the effect of these factors on motor learning. The major difference

between the studies was the type of motor learning tasks; Trempe and Proteau [9] used a

reaching task while the present study employed a tracking task. In addition, they set the

amount of practice on Day 1 at 24 trials or 144 trials and the time interval at 10 min or 24 h,

whereas we set the amount of practice at 10 sessions (40 trials) or 20 sessions (80 trials) and the

time interval at 24 h or 48 h. Though there were several differences in the experimental para-

digm between Trempe and Proteau [9] and the present study, the main conclusions were con-

sistent, i.e., the condition with the greater amount of practice showed greater aftereffects.

In terms of off-line learning, while the gain in learning was significantly greater in the 24-h-

interval groups than in the 10-min-interval groups in the work of Trempe and Proteau [9],

there was no statistical significance either in the main effects of the amount of practice and the

time interval between practice sessions or the interaction between them. The discrepancy

between the present study and that of Trempe and Proteau [9] could be explained by the effect

of sleep; in the work of Trempe and Proteau [9], one condition involved sleep but the other

did not after the first learning session (10 min vs. 24 h). By contrast, both conditions in our

study involved night sleep despite the difference in how many times the participants slept. Pre-

vious studies have revealed that sleep considerably enhances off-line learning [63–65], the

amount of which largely depends on the types of learning and of learning measures [44, 66].

The discrepancy may be explained by assuming that the second-time sleep would not facilitate

further learning. In general, with minor differences owing to the experimental condition, the

results of Trempe and Proteau [9] are consistent with our results, and they suggest that a track-

ing task and a reaching task have a common underlying mechanism of aftereffects and off-line

learning of visuomotor rotation.

Advantages and limitations of the present study

The findings from studies involving the tracking task strengthens the findings from previous

studies on human motor learning. First, as the tracking task requires the participants to move

their arm continuously for a longer time than the reaching task [24, 43–45, 55], the tracking

task prevents participants from adopting explicit strategies to achieve the goal of the task [55].

Second, it requires the participants to pay attention to the effect of their physical movement in

an external environment rather than to their own body, and the external attention leads to the

achievement of efficient motor learning [67–69]. Third, the tracking task consists of a succes-

sion of reaching movements in various directions, and it would accordingly facilitate the gen-

eralization of learning [70]. Finally, the tracking task likely duplicates motor learning in daily

or clinical situations that is fluid and requires continuous responses. As there are relatively few

visuomotor adaptation studies involving the tracking task, further investigation using the task

is required to elucidate the mechanism of human motor learning along with the findings from

previous studies involving the reaching task.

The present study has the following limitations. First, only a few conditions of the amount

of practice (10 sessions and 20 sessions) and the time interval between practice sessions (24 h

and 48 h) were considered. With the present experimental paradigm, we did not investigate

motor learning for the duration which is actually required in real-life situations such as physi-

cal therapy and athletic training scenarios. Second, the lack of conclusive evidence of a learn-

ing plateau is a significant limitation of the present study. It is difficult to identify a learning

plateau using statistical methods, particularly in a relatively short-term experiment. However,
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note that it is not important that a learning plateau was achieved at the 5th and 6th sessions in

the 10-session groups (Groups 1 and 3). The assumption that the errors at the end of the rota-

tion sessions did not largely decreased was, at least, not statistically disproved (that is, null

result), although it is not direct evidence for supporting the assumption. Finally, the effect of a

contextual cue in the tracking task of our study should be considered. In the present study, dif-

ferent colors of the target in the tracking task could play the role of a contextual cue regarding

perturbation. Several previous studies have revealed that color contextual cues in a motor

learning task facilitate the switching of multiple internal models [71–74]. In addition, Taylor,

Krakauer [51] reported that explicit cuing hinders aftereffects in a visuomotor rotation task.

Taking these findings into account, there is a possibility that the different colors of the target

in the tracking task in the present study could be contextual cues that decay the aftereffect. In

the present study, the aftereffects could be less than observed in previous studies because of the

different colors of the target in the tracking task.

Conclusion

The present study aimed to reveal the relationship between the amount of practice and time

interval between practice sessions and the retention and consolidation of a new internal model

for efficient motor learning. Two main suggestions were provided. First, additional practice

after reaching a task performance plateau is important for the consolidation of a new internal

model. Second, two-day rest does not negatively affect the learning of a simple visuomotor

task. We emphasize here that the present study provided suggestions consistent with those of

previous studies regardless of the type of motor learning task. The suggestions of this study

might eliminate the extra time and labor required for motor learning, streamline rehabilitation

in clinical settings, and facilitate efficient sports training.
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ing an acquired internal model of a new tool. Nature. 2000; 403(6766):192. https://doi.org/10.1038/

35003194 PMID: 10646603

25. Blakemore S-J, Frith CD, Wolpert DM. The cerebellum is involved in predicting the sensory conse-

quences of action. Neuroreport. 2001; 12(9):1879–84. PMID: 11435916

26. Blakemore S-J, Sirigu A. Action prediction in the cerebellum and in the parietal lobe. Experimental Brain

Research. 2003; 153(2):239–45. https://doi.org/10.1007/s00221-003-1597-z PMID: 12955381

27. Buch ER, Young S, Contreras-Vidal JL. Visuomotor adaptation in normal aging. Learning & memory.

2003; 10(1):55–63.

28. Krakauer JW. Motor learning and consolidation: the case of visuomotor rotation. Progress in motor con-

trol: Springer; 2009. p. 405–21.

29. Kravitz JH, Yaffe F. Conditioned adaptation to prismatic displacement with a tone as the conditional

stimulus. Perception & Psychophysics. 1972; 12(3):305–8.

30. Bock O. Components of sensorimotor adaptation in young and elderly subjects. Experimental Brain

Research. 2005; 160(2):259–63. https://doi.org/10.1007/s00221-004-2133-5 PMID: 15565436

31. Mazzoni P, Krakauer JW. An implicit plan overrides an explicit strategy during visuomotor adaptation.

Journal of neuroscience. 2006; 26(14):3642–5. PMID: 16597717

32. Shadmehr R, Mussa-Ivaldi FA. Adaptive representation of dynamics during learning of a motor task.

Journal of Neuroscience. 1994; 14(5):3208–24.

33. Ostry DJ, Feldman AG. A critical evaluation of the force control hypothesis in motor control. Experimen-

tal brain research. 2003; 153(3):275–88. https://doi.org/10.1007/s00221-003-1624-0 PMID: 14610628

34. Zarahn E, Weston GD, Liang J, Mazzoni P, Krakauer JW. Explaining savings for visuomotor adaptation:

linear time-invariant state-space models are not sufficient. Journal of neurophysiology. 2008; 100

(5):2537–48. https://doi.org/10.1152/jn.90529.2008 PMID: 18596178

35. Haith AM, Huberdeau DM, Krakauer JW. The influence of movement preparation time on the expres-

sion of visuomotor learning and savings. Journal of neuroscience. 2015; 35(13):5109–17. https://doi.

org/10.1523/JNEUROSCI.3869-14.2015 PMID: 25834038

36. Huang VS, Haith A, Mazzoni P, Krakauer JW. Rethinking motor learning and savings in adaptation par-

adigms: model-free memory for successful actions combines with internal models. Neuron. 2011; 70

(4):787–801. https://doi.org/10.1016/j.neuron.2011.04.012 PMID: 21609832

37. Krakauer JW, Shadmehr R. Consolidation of motor memory. Trends in neurosciences. 2006; 29(1):58–

64. https://doi.org/10.1016/j.tins.2005.10.003 PMID: 16290273

38. Ghilardi M-F, Ghez C, Dhawan V, Moeller J, Mentis M, Nakamura T, et al. Patterns of regional brain

activation associated with different forms of motor learning. Brain research. 2000; 871(1):127–45.

PMID: 10882792

39. Krakauer JW, Pine ZM, Ghilardi M-F, Ghez C. Learning of visuomotor transformations for vectorial plan-

ning of reaching trajectories. Journal of Neuroscience. 2000; 20(23):8916–24. PMID: 11102502

40. Smith MA, Ghazizadeh A, Shadmehr R. Interacting adaptive processes with different timescales under-

lie short-term motor learning. PLoS biology. 2006; 4(6):e179. https://doi.org/10.1371/journal.pbio.

0040179 PMID: 16700627

41. Heuer H, Hegele M. Adaptation to visuomotor rotations in younger and older adults. Psychology and

aging. 2008; 23(1):190. https://doi.org/10.1037/0882-7974.23.1.190 PMID: 18361666

42. Morehead JR, Qasim SE, Crossley MJ, Ivry R. Savings upon re-aiming in visuomotor adaptation. Jour-

nal of neuroscience. 2015; 35(42):14386–96. https://doi.org/10.1523/JNEUROSCI.1046-15.2015

PMID: 26490874

Effects of the amount of practice and time interval on the retention of internal models

PLOS ONE | https://doi.org/10.1371/journal.pone.0215331 April 16, 2019 15 / 17

http://www.ncbi.nlm.nih.gov/pubmed/9753116
http://www.ncbi.nlm.nih.gov/pubmed/21227230
http://www.ncbi.nlm.nih.gov/pubmed/10607637
http://www.ncbi.nlm.nih.gov/pubmed/12662535
http://www.ncbi.nlm.nih.gov/pubmed/11058820
http://www.ncbi.nlm.nih.gov/pubmed/1486143
https://doi.org/10.1038/35003194
https://doi.org/10.1038/35003194
http://www.ncbi.nlm.nih.gov/pubmed/10646603
http://www.ncbi.nlm.nih.gov/pubmed/11435916
https://doi.org/10.1007/s00221-003-1597-z
http://www.ncbi.nlm.nih.gov/pubmed/12955381
https://doi.org/10.1007/s00221-004-2133-5
http://www.ncbi.nlm.nih.gov/pubmed/15565436
http://www.ncbi.nlm.nih.gov/pubmed/16597717
https://doi.org/10.1007/s00221-003-1624-0
http://www.ncbi.nlm.nih.gov/pubmed/14610628
https://doi.org/10.1152/jn.90529.2008
http://www.ncbi.nlm.nih.gov/pubmed/18596178
https://doi.org/10.1523/JNEUROSCI.3869-14.2015
https://doi.org/10.1523/JNEUROSCI.3869-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25834038
https://doi.org/10.1016/j.neuron.2011.04.012
http://www.ncbi.nlm.nih.gov/pubmed/21609832
https://doi.org/10.1016/j.tins.2005.10.003
http://www.ncbi.nlm.nih.gov/pubmed/16290273
http://www.ncbi.nlm.nih.gov/pubmed/10882792
http://www.ncbi.nlm.nih.gov/pubmed/11102502
https://doi.org/10.1371/journal.pbio.0040179
https://doi.org/10.1371/journal.pbio.0040179
http://www.ncbi.nlm.nih.gov/pubmed/16700627
https://doi.org/10.1037/0882-7974.23.1.190
http://www.ncbi.nlm.nih.gov/pubmed/18361666
https://doi.org/10.1523/JNEUROSCI.1046-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26490874
https://doi.org/10.1371/journal.pone.0215331


43. Itaguchi Y, Fukuzawa K. Adaptive changes in automatic motor responses based on acquired visuomo-

tor correspondence. Exp Brain Res. 2019:1–13. Epub 2018/10/27. https://doi.org/10.1007/s00221-018-

5409-x PMID: 30361773.

44. Kaida K, Itaguchi Y, Iwaki S. Interactive effects of visuomotor perturbation and an afternoon nap on per-

formance and the flow experience. PloS one. 2017; 12(2):e0171907. https://doi.org/10.1371/journal.

pone.0171907 PMID: 28182742

45. Künzell S, Sießmeir D, Ewolds H. Validation of the continuous tracking paradigm for studying implicit

motor learning. Experimental psychology. 2017.
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