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Abstract
Recent research on bilateral transfer suggests that imagery training can facilitate the trans-

fer of motor skill from a trained limb to that of an untrained limb above and beyond that of

physical practice. To further explore this effect, the present study examined the influence of

practice duration and task difficulty on the extent to which imagery training and physical

training influences bilateral transfer of a sequential key pressing task. In experiment 1, par-

ticipants trained on the key pressing task using their non-dominant arm under one of three

conditions (physical practice, imagery practice, and no practice). In a subsequent bilateral

transfer test, participants performed the sequential task using their untrained dominant arm

in either an original order or mirror-ordered sequence. In experiment 2, the same proce-

dures were followed as in experiment 1 except that participants trained with their dominant

arm and performed the bilateral transfer task with their non-dominant arm. Results indicated

that with extended practice beyond what has been employed in previous studies, physical

practice is more effective at facilitating bilateral transfer compared to training with imagery.

Interestingly, significant bilateral transfer was only observed for transfer from the non-domi-

nant to the dominant arm with no differences observed between performing the task in an

original or mirror ordered sequence. Overall, these findings suggest that imagery training

may benefit bilateral transfer primarily at the initial stages of learning, but with extended

training, physical practice leads to larger influences on transfer.

Introduction
Bilateral transfer, also referred to as intermanual transfer or cross-education, is a phenomenon
whereby experience obtained by a trained limb has an impact on the untrained contralateral
homologous limb. To this extent, the training conducted with one limb can have a positive effect
on the performance of the same task while using the untrained limb. The phenomenon of skill
transfer from the trained limb to the untrained homologous limb was first studied and reported
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over one hundred years ago [1, 2]. Since then, studies in the field have been aimed at examining
the direction of bilateral transfer [3, 4], exploring the influence of task characteristics on bilateral
transfer [5, 6], and applying bilateral transfer to enhancing the rehabilitation of stroke survivors
[7, 8]. Although the effect of physical practice on bilateral transfer has been well documented, the
effect of imagery practice with a trained limb on the untrained limb has received less attention.
However, such insight could prove important given the effectiveness of imagery in facilitating
motor skill learning [9, 10], increasing muscle strength [11, 12], enhancing the development of
cognitive skill representations [13], and most importantly its potential to be an effective therapeu-
tic technique for the rehabilitation of patients with motor impairments, such as stroke survivors.

Recently, work has begun to illuminate the influence of imagery on bilateral transfer. For
example, two studies [14, 15] compared the effects of physical practice and imagery practice on
bilateral transfer. Both studies indicated that along with physical practice, imagery practice
could also contribute to significant bilateral transfer. Interestingly, the study by Amemiya,
Ishizu [14], which required learning a sequential tapping task within a short training period
(~5 min), showed a strong and significant advantage for imagery practice over physical practice
in performances with both the trained limb (i.e., retention test) and untrained limb on a mir-
ror-order test (i.e., bilateral transfer). This finding is consistent with previous studies [9, 16]
that have reported an advantage for imagery practice over physical practice for tasks character-
ized by a high degree of complexity and cognitive demands.

When complexity and cognitive demands of a task are high, then physical practice may lead
to retroactive interference, which could be detrimental to the transfer of a learned skill from a
trained limb to the opposite untrained limb [16]. Specifically, Saltzman [17] suggests that phys-
ical practice may cause interference due to the interactive effects between the “effector level”
and “task level”. The effector level refers to limbs involved in performing the task and the task
level refers to the central nervous system in planning the task. In comparison, imagery practice
only involves activities on a “task level.” In other words, the imagery practice only “thinks”
how to perform the task. Therefore, it leads to less interference, which results in superior learn-
ing compared to physical practice with respect to bilateral transfer.

Another important observation associated with imagery practice is that a positive effect of
imagery is normally found when training duration is less than 20 minutes [9]. Driskell, Copper
[9] revealed that the longer the imagery practice, the weaker its effect. This might be due to the
fact that participants in extended physical practice constantly receive both intrinsic and extrin-
sic feedback regarding their performance and its outcome, which is not the case for the partici-
pants in imagery practice. The lack of feedback in the imagery practice may lower participants’
motivation and may result in boredom [9].

With respect to bilateral transfer, the findings of Amemiya, Ishizu [14] that imagery facili-
tated bilateral transfer beyond that of physical practice is consistent with these observations
that imagery is more beneficial for tasks of high complexity and with short practice durations.
Recall that Amemiya, Ishizu [14] utilized only a short practice duration (~5 min) and exam-
ined bilateral transfer on a task requiring a mirror-order sequence. Previous studies [18, 19]
have shown that a mirror-order sequence is more cognitively difficult for transfer than an orig-
inal-order sequence. Thus, it is not surprising that Amemiya, Ishizu [14] found an advantage
for imagery over physical practice.

While, Amemiya, Ishizu [14] provided a first glimpse of the findings regarding an effect of
imagery practice on bilateral transfer, it still remains unknown whether practice sessions of
longer duration or utilizing tasks that are less complex and cognitively demanding (e.g., origi-
nal order task) would eliminate or reduce the benefit of imagery compared to physical practice.
That is to say, physical practice may be equal, or superior to, imagery practice in both retention
and bilateral transfer learning on tasks of longer duration and less complexity (e.g., mirror-
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order versus original-order sequence). Thus, the main purpose of Experiment 1 was to examine
the effects of motor imagery practice and physical practice over an extended training period on
the inter-manual transfer from the non-dominant hand to the dominant hand across both mir-
ror and original-order sequences.

Experiment 1: Method

Participants
Forty-five right handed (self-reported) college students participated in this study. The study
was approved by the Institutional Review Board for the Protection of Human Subjects in
Research at the University of Texas at San Antonio, and all participants signed a written con-
sent form before participating in the study. All participants were free from current or past his-
tory of neurological impairment/dysfunction known to affect neuronal conduction.

Task and Apparatus
The participants were instructed to learn a sequential tapping task on a computer’s numerical
keypad with their non-dominant hand (i.e., left hand). The task was the same as the one used
by Amemiya, Ishizu [14], which required participants to tap keys in a fixed sequence, 1-2-3-6-
5-4-4-5-6-3-2-1, on the numerical key pad by using the fingers on the left hand. The matching
diagram of the keys and fingers were as follows: the participants started from left to right with
the little finger, ring finger, and middle finger sequentially tapping on keypad #1, #2, and #3,
respectively, and then followed from right to left with index finger, middle finger, and ring fin-
ger tapping on keypad #6, #5, and #4, respectively. Then, the participants were required to con-
tinue to tap the keypad numbers (i.e., 4, 5, 6, 1, 2, and 3) backward with the same fingers (see
Fig 1a for original computer-key tapping orders).

For the transfer tests, the participants performed the task with their right hand in two differ-
ent orders, original order and mirror order. With the original order, the participants started
from left to right with the middle finger, ring finger, and little finger sequentially tapping on
the keys #1, #2, and #3, respectively, followed with the ring finger, middle finger, and index fin-
ger tapping on the keys #6, #5, and #4 from right to left, respectively. Then, the participants
tapped the keys (i.e., 4, 5, 6, 1, 2, and 3) backward with the same fingers (see Fig 1a). For the
mirror-order test, the participants tapped the same keys with the same fingers as in the

Fig 1. Key Pressing Task. Sequence of key presses for (a) original order and (b) mirror order key pressing
task.

doi:10.1371/journal.pone.0152228.g001
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original-order transfer test but in a different order (i.e., 3, 2, 1, 4, 5, 6, 6, 5, 4, 3, 2, and 1) (see
Fig 1b for mirror computer-key tapping orders).

Surface electromyography (EMG) activity of the left and right extensor digitorum commu-
nis (EDC) muscles during the practice phase was recorded with a MP150 Biopac system (Bio-
pac systems, Inc. Santa Barbara, CA). The EMG signals were amplified (×1,000) and digitized
(2,000 samples/s) by the MP 150 Data Acquisition System. The surface EMG recordings of
each individual’s EDC muscles were taken for the purpose of checking if significant coactivity
from the muscle on the non-trained hand occurred when the trained hand was performing.

Procedures
Practice Phase. The participants in all groups (control, physical practice, & imagery prac-

tice) were informed and were shown the task by an experimenter. After the introduction of the
task, the participants in the physical group performed 60 trials of the task with their left hand,
which were divided into 6 blocks of 10 trials, with a 3-sec break between each trial and a 30-sec
break between each block. Furthermore, they were encouraged to complete the task as quickly
and as accurately as possible. The participants could visually observe their own fingers move-
ments and were allowed to correct errors, if any. The total practice duration was approximately
40 min. The participants in the imagery group watched a video of the practice task performed
by the left hand. The participants in this group were asked to imagine themselves doing the
same task with the same side hand as shown in the video. Imagery training lasted approxi-
mately 40 min. Participants in the control group were required to read the fairy tale “Hansel
and Gretel” during the practice phase.

Testing Phase. After a 5 min interval following the practice phase, participants performed a
left-hand original-order test (e.g., a retention test). Participants then performed two transfer tests,
an original-order test and a mirror-order test, using the untrained hand (i.e., right hand). Each
test consisted of 10 trials and the order of the two transfer tests was pseudo counterbalanced.

Data Acquisition and Analysis
During the practice phase, surface EMG data was recorded on both hands of the participants in
the practice groups (physical practice and imagery practice groups). Movement time (MT) was
calculated as the time of the first key press to the time of the last key press. Errors, if any, during
the practice and test trials were also recorded. A video camera was used during the tests to
record hand movement during the key pressing task. The recorded video was reviewed off line
and acted as a second check for movement errors.

Error rates during the test phase were calculated by the number of error trials divided by the
total number of practice trials. Any key presses not following the required sequence or using a
wrong finger to tap was considered to be an error. The participants were all instructed to limit
the error rate to or less than 5%.

The MT of the practice trials (i.e., the physical group) was analyzed with a one-way
repeated-measure analysis of variance (ANOVA) (practice blocks). The MT of the test trials
was analyzed with a 3 x 3 (Group x Test Type) mixed-model ANOVA with repeated-measures
on the second factor. Statistical significance was set at p� .05.

Experiment 1: Results

Error Rate
All participants maintained error rates at or below 5%. Thus, no further analyses of the error
trials were performed.
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Muscle Activity during the Task
EMG records taken during the practice phase for the physical group were analyzed to examine
if any significant muscle coactivations occurred on the untrained (right) EDC muscle when the
trained (left) EDC exerted force. In addition, EMG records for the imagery group were also
analyzed to see if any significant muscle activations occurred during practice. Results indicated
no significant coactivation on the right EDC for either the physical group or imagery group.
That is, the average value of the rectified surface EMG during the practice period (i.e., exerting
forces) was within a range of the mean ±3 SD of the rectified surface EMG during the resting
period (i.e., the baseline).

MT of the Practice Blocks
Fig 2 presents the means and standard deviations (SDs) of MT for the physical practice group
during the practice phase. A one-way repeated-measure ANOVA showed a significant effect
for block, F(5,70) = 17.88, p< .01. Post-hoc Paired Samples t-tests indicated that the first two
blocks were significantly slower than the last four blocks. There was no significant difference in
any other pair comparison.

MT of the Posttest
Fig 3 presents the means and SDs of MT for the trials during the test phase. The 3 x 3 (Group x
Test Type) ANOVA with repeated measures on the second factor indicated a significant main
effects for both Group and Test Type, F(2, 42) = 19.50, p< .001 and F(2, 84) = 3.46, p = .044,
respectively. More importantly, the interaction effect of the two factors was also significant, F
(4, 84) = 3.77, p< .01.

Due to the interaction effect, three separate one-way ANOVAs were conducted on each of
the three posttests (i.e., trained-hand test, untrained-hand original-order test, and untrained-
hand mirror-order test). The ANOVA for the trained-hand test indicated a significant group
effect, F(2, 42) = 36.73, p< .001. A Bonferroni post hoc test indicated that the physical group
was significantly faster (M = 2.45s, SD = .61) than both the imagery (M = 3.31s, SD = .47) and
the control group (M = 4.70s, SD = .99). Furthermore, the imagery group was significantly

Fig 2. Practice Phase MT.Means and SDs of movement time (MT) of the practice trials in Experiment 1 for
the physical practice group.

doi:10.1371/journal.pone.0152228.g002
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faster than the control group. The ANOVA for the untrained-hand original-order test pro-
duced a significant group effect, F(2, 42) = 4.77, p< .05. A Bonferroni post hoc test indicated
that the physical practice (M = 3.42s, SD = .89) and imagery groups (M = 3.57s, SD = .52) were
both significantly faster than the control group (M = 4.38s, SD = 1.03). No significant differ-
ence in MT existed between the imagery and physical practice group. Finally, as to the
untrained-hand mirror-order test, the ANOVA revealed a significant group effect, F(2, 42) =
8.57, p< .001. A Bonferroni post hoc test indicated that both physical practice (M = 3.05s,
SD = 1.01) and imagery groups (M = 3.47s, SD = .65) were significantly better than the control
group (M = 4.54s, SD = .95) with no significant difference between the physical group and
imagery group.

Experiment 1: Discussion
The first experiment examined the relative effects of physical practice and imagery practice
over an extended practice duration on the learning of a sequential tapping task using both a
trained non-dominant limb and untrained dominant limb (i.e., bilateral transfer with mirror-
and original-order sequences).

With respect to performance during the test phase using the trained non-dominant limb,
the results of Experiment 1 supported the assumption that increasing the duration of the prac-
tice session would reduce or eliminate the advantage of imagery over physical practice. That is,
the physical group significantly out-performed the imagery group in the posttest with the
trained hand, which is contradictory to the previous findings of Amemiya, Ishizu [14], which
utilized only a very short practice duration (~5 min). This result is not surprising because pre-
vious research (e.g., 9) has shown that, with relatively longer practice durations (e.g.,> 20
min), physical practice is more likely to outperform imagery practice when using a trained
limb. As argued by Driskell, Copper (9), the availability of performance feedback during

Fig 3. Posttest MT.Means and SDs of movement time (MT) of the posttest trials across each training
condition for the trained hand test (T), untrained hand mirror ordered test (UT-Mirror), and untrained hand
original order test (UT-Original) conditions in Experiment 1.

doi:10.1371/journal.pone.0152228.g003
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physical practice would provide essential information that could be used to enhance motor
learning while also helping to maintain high levels of motivation. In contrast, the lack of such
feedback during imagery training provides no direction for the learner to make corrections and
improvements for future trials. Furthermore, this lack of feedback may also lead to lower levels
of motivation in the participant.

Although our results suggest that an extended practice duration can reduce or eliminate
interference caused by physical practice, they do not provide insight into how this reduction or
elimination happened. One possibility is that with continued practice, there are fewer demands
on cognitive resources directed to the task level (e.g., figuring out the sequence of the move-
ment) and effector level (attention directed to movement kinematics) [9]. As a result, interfer-
ence diminishes and there are fewer compromises to cognitive resources. However, a goal of
future research should be to determine how such reduction of interference occurs.

Although the physical practice group outperformed the imagery group with the trained
limb, surprisingly, the physical group did not outperform the imagery group on both mirror-
and original-order bilateral transfers tests using the untrained limb. This result seems to be
inconsistent with Driskell, Copper’s [9] prediction. According to Driskell, Copper [9],
extended practice duration would enhance motor skill learning more for a physical practice
group than an imagery practice group because the physical group could take advantage of the
feedback from trial-and-error during learning. However, we assume that the feedback received
from trial-and-error learning may primarily benefit the trained limb, with little to no impact
on the untrained limb. Although our results indirectly support this assumption, future research
should be done to address whether the advantage of trial-and-error feedback in enhancing
motor skill learning is effector specific (e.g., muscles, joints, and limbs).

Frank, Land [13] suggest that the more cognitive a task is, the more it might benefit from
imagery practice, as imagery is suggested to aid in the structuring of the memorial information
that serves to guide movement execution. Previous studies [18, 19] suggest that a mirror-order
sequence has a higher cognitive demand during transfer than an original-order sequence. Con-
sidering the aforementioned findings, it would be logical to assume that the imagery group
should be better with respect to transfer requiring a mirror-order sequence than the physical
group. However, this assumption was not supported by our results, because the two groups
showed no significant difference in either transfer tests (i.e., mirror- and original-order
sequence). It is likely that the extended practice duration allowed both physical and imagery
practice group to have reached the same level of gains in terms of structuring the memorial
information at the cognitive level, which serves to guide movement execution. However, this
proposal is premature and needs to be confirmed in future studies.

Compared to the control group, both the physical and imagery practice groups showed sig-
nificant positive bilateral transfer from the non-dominant limb to the dominant limb. This
finding is counter to the findings by Lohse, Godde’s [15] in which they found significant trans-
fer of production time as a result of imagery practice from the dominant hand to non-domi-
nant hand direction only, and not in the opposite direction. The discrepancy between the two
studies might be due to the differences in the tasks used by the studies. A computer keyboard
tapping task used in our experiment is considered to be more of a visuomotor skill due to its
high spatial constraints whereas the hand writing task, used in Lohse, Godde’s [15] study,
would be considered to be more of a dynamical skill in terms of self-paced movement trajecto-
ries. According to previous studies, visuomotor skill favors the transfer from the non-dominant
hand to the dominant hand [20], whereas dynamical skills favors the transfer from dominant
hand to the non-dominant hand [21]. Therefore, the main purpose of the second experiment
was to examine if the transfer effects observed in Experiment 1 with keyboard tapping is direc-
tionally sensitive.

Imagery and Bilateral Transfer
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Experiment 2: Method

Participants
Forty-five right handed (self-reported) college students who did not participate in the first
experiment served as the participants for experiment 2. All participants were free from cur-
rent or past history of neurological impairment/dysfunction known to affect neuronal
conduction.

Task, Apparatus, Procedures
The task, apparatus, and experimental procedures were the same as in the first experiment
except that the participants learned the task with their dominant hand (right hand). For the
transfer tests, the participants performed the sequential task with their non-dominant, left
hand in two different orders, namely original order and mirror order.

Again, surface electromyography (EMG) activity of the left and right extensor digitorum
communis (EDC) muscles during the practice phase was recorded with a MP150 Biopac sys-
tem (Biopac systems, Inc. Santa Barbara, CA). The EMG signals were amplified (×1,000) and
digitized (2,000 samples/s) by the MP 150 Data Acquisition System. The surface EMG
recordings of each individual’s EDC muscles were taken for the purpose of checking if signifi-
cant coactivity from the muscle on the non-trained hand occurred when the trained hand
was performing.

Data Acquisition and Analysis
The data was collected and analyzed in the way same as in Experiment 1. That is, the MT of the
practice trials (i.e., the physical group) was analyzed with a one-way repeated-measure analysis
of variance (ANOVA) (practice blocks). The MT of the posttest trials was analyzed with a 3 x 3
two-way (Group x Test Type) ANOVA with repeated-measures on the second factor. All statis-
tical significance was set at p� 0.05.

Experiment 2: Results

Muscle Activity during the Task
EMG records taken during the practice phase for the physical group were analyzed to deter-
mine if any significant muscle coactivations occurred on the untrained (right) EDC muscle
when the trained (left) EDC exerted force. In addition, EMG records for the imagery group
were also analyzed to see if any significant muscle activations occurred during practice. As in
Experiment 1, the results of the EMG records in Experiment 2 did not show any significant
coactivation on the right EDC for the physical nor imagery group.

MT of the Practice Blocks
Fig 4 presents the means and standard deviations (SDs) of MT during the practice phase for
the physical practice group. The one-way repeated-measure ANOVA indicated a significant
main effect of practice, F(5,70) = 14.58, p< .001. A post-hoc Paired Samples t-tests indicated
that the first block was significantly slower than all other blocks, and blocks 2 and 3 were signif-
icantly slower than block 6. There was no other significant difference between blocks.

MT of the Posttest
Fig 5 presents the means and SDs of MT for the posttest trials. The 3 x 3 (Group x Test
Type) ANOVA with repeated measures on the second factor indicated significant main
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effects for both the Group and Test Type factor, F(2, 42) = 5.14, p < .05 and F(2, 84) = 7.78,
p< .01, respectively. More importantly, the interaction between practice group and test type
was significant, F(4, 84) = 7.71, p< .01.

To further explore the interaction effect, separate one-way ANOVAs were conducted for
each of the three test types (i.e., trained-hand test, untrained-hand original-order test, and

Fig 4. Practice Phase MT.Means and SDs of movement time (MT) of the practice trials in Experiment 2 for
the physical practice group.

doi:10.1371/journal.pone.0152228.g004

Fig 5. Posttest MT.Means and SDs of movement time (MT) of the posttest trials across each training
condition for the trained hand test (T), untrained hand mirror ordered test (UT-Mirror), and untrained hand
original order test (UT-Original) conditions in Experiment 2.

doi:10.1371/journal.pone.0152228.g005
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untrained-hand mirror-order test). The ANOVA for the trained-hand test indicated a signifi-
cant group effect, F(2, 42) = 17.06, p< .001. Bonferroni post hoc tests indicated that the
physical group (M = 2.50s, SD = .45) was significantly better than the imagery (M = 3.45s,
SD = .88) and control groups (M = 4.19s, SD = 1.26). Furthermore, no significant differences
emerged between the imagery and control groups. The one-way ANOVAs for the untrained-
hand showed no significant effects for either original-order nor mirror-order tests, F(2, 42) =
2.01, p = .15, and F(2, 42) = 1.84, p = .17, respectively.

Experiment 2: Discussion
Experiment 1 compared the influence of imagery practice versus physical practice with
respect to an extended practice duration and task complexity on bilateral transfer from a
non-dominant limb (i.e., left) to the dominant limb. Experiment 2 built off the findings of
experiment 1 by examining the extent of transfer from the dominant limb (i.e., right) to the
non-dominant limb.

The results from Experiment 2 are both surprising and unexpected. First, contrary to the
results of Experiment 1, the imagery group did not significantly outperform the control group
when performing the task with the trained limb. Furthermore, the physical group did not sig-
nificantly outperform either the control group or imagery group in the two bilateral transfer
tasks (i.e., original- and mirror-order transfers). In other words, the performance advantaged
observed for the physical practice group while using the trained limb did not translate to a per-
formance advantage when performing the task with the untrained limb. To this extent, there
was no advantage with respect to bilateral transfer.

The absence of a significant improvement in learning the sequential tapping task for the
imagery group compared to the control group may be due to the relative simplicity of the
task itself. Using the dominant hand made the task even less challenging than in experiment
1, which in turn may have reduced the possibility to distinguish a difference in learning
between the two groups. It should be noted that, compared to physical practice, the learning
effect of imagery practice is generally small [22] and the low “challenge point” of the task
may have reduced imagery’s learning effect further as predicted by the Challenge Point
hypothesis [23]. In their hypothesis on practice conditions, Guadagnoli and Lee [23] sug-
gested that the effectiveness of a given practice condition (e.g., imagery practice) is affected
partly by the difficulty, or lack thereof, of the task (i.e., challenge point). According to this
hypothesis, an appropriate (optimal) challenge point will enhance skill learning and any chal-
lenge points below or above this optimal threshold may be detrimental to skill learning.
Thus, the simplicity of performing the sequential task with the dominant limb may have
resulted in a low challenge point, and thus it is not surprising that the imagery group did not
significantly outperform the control group.

Surprisingly, there was a lack of transfer from the trained limb to the untrained limb for the
physical practice group. This may again be due to the characteristics of the task. The computer
keyboard tapping task used in the current study can be considered more as a visuomotor skill
due to its high spatial constraints. A previous study by Sainburg andWang [20] indicated that
visuomotor skills favored the transfer from the non-dominant to the dominant hand, and less
so the other way around.

General Discussion
The study by Amemiya, Ishizu [14] in learning a sequence-tapping task indicated a strong and
significant advantage of imagery practice over physical practice when performed with the
trained limb (i.e., non- dominant limb) and during bilateral transfer with the untrained limb
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(i.e., dominant limb). Amemiya, Ishizu [14] suggested that this advantage might be due to the
interference caused by physical practice [16] and the complexity of the mirror-order transfer.
While acknowledging the potential interference of physical practice coupled with the complex-
ity of the task (e.g., mirror-order direction), we proposed that an extended practice period
would eliminate and/or reduce the interference caused by physical practice. In addition, it was
also assumed that an original-order transfer test would be superior to a mirror-order transfer
test across the two training groups according to the findings of previous studies [18, 19]

The overall results of the current study indicate that extended practice will eliminate the
advantage of imagery practice over physical practice as presented by Amemiya, Ishizu [14]. In
both experiments 1 and 2, the two physical practice groups performed significantly better than
the two imagery groups on the posttests with the trained hand. This result is not surprising
because, as Driskell, Copper [9] stated, imagery practice has an advantage in improving cogni-
tive understanding of the movement, and thus could facilitate the formation of the fundamental
movement patterns, which is important during the early stages of learning. However, imagery is
not able to provide direct knowledge of results or visual and tactile feedback, which is critical for
the improvement of performance during the later stages of motor skill learning. Thus, imagery
practice might be as effective as or superior to physical practice during the early stage of learning
when the understanding of movement sequences is a major concern [24, 25]. However, with
extended practice, such as the one used in the first experiment, imagery training may be less
effective than physical practice in enhancing the performance of the trained hand [9].

With respect to bilateral transfer, the results were more mixed for the two experiments (i.e.,
transfer directions). While both physical and imagery practice groups had significantly better
performance in the two transfer tests (e.g., mirror- and original-order transfers) than the con-
trol group in Experiment 1. However, when it was examined with the transfer from non-domi-
nant hand to the dominant hand, both training groups failed to show a significant
improvement in transfer compared to the control group in Experiment 2. This finding may be
best accounted for by the work of Sainburg and Wang [20] who found that visuomotor skills,
such as the one used in our current study, favors the transfer from the non-dominant hand to
the dominant hand, whereas dynamical skill favors the transfer from the dominant hand to
non-dominant hand. Specifically, Sainburg and Wang [20] attribute the asymmetrical bilateral
transfer of learning (e.g., bilateral transfer of learning is direction sensitive) to the possible
usage of different cognitive strategies for different tasks and different transfer directions. That
is, although the controller for each limb has access to information learned during the training
of the opposite limb, each controller uses this information differently, depending on its unique
proficiency for controlling specific features of movement [20]. Krakauer, Ghilardi [26] also
argue that bilateral transfer of visuomotor skill learning and dynamical skill learning may be
subserved by two distinct neural processes. The observation of better transfer from the non-
dominant hand to the dominant hand compared to the other way around, as in the current
study, may be due to the fact that the dominant hand controller (i.e., sensory motor cortical
areas) may have better access to the information obtained during the non-dominant hand
training but not vice versa in the learning of a computer-key tapping task (i.e., visuomotor
skill), the access hypothesis as argued by Krakauer, Ghilardi [26] and Sainburg and Wang [20].
This access hypothesis is indirectly supported by van Mier and Petersen [27] to show that per-
formance of a sequential task with either a dominant or non-dominant hand activated same
cortical areas. However, due to the limitation of the current study, it is unknown what caused
differences in such access to the information obtained during either the non-dominant hand or
dominant hand training from different limbs, which should be determined in future studies.

It should be noted that the strong practice advantage for the physical group over the imag-
ery group was mainly seen on the trained limb but little if any on the untrained limb, or during
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bilateral transfers as it was shown in Fig 3. In other words, the imagery group showed similar
performance between the trained and untrained limbs that suggests that whatever benefit that
the imagery group gained from mental practice was equally available to both trained and
untrained limbs. That is, the information (e.g., spatial sequence learning) gained during early
stage of physical training and the whole stage of the imagery training is equally shared by both
trained and untrained limbs (e.g., effector independence). However, the later learning (e.g.,
motor sequence learning) may be more effector-dependent as shown by the greater benefit for
the trained limb than the untrained limb in the physical training group. On the basis of a series
of studies using a sequence-learning task, Hikosaka, Nakahara [28] proposed that when
sequential learning is associated with clear trial-and-error process, then it follows a gradual
transition from a spatial sequence learning to a motor sequence learning. The former has
strong demand in attention and the later does not have such demand. Their study [28] suggests
that the spatial sequence learning enriches knowledge and/or understanding of sequential
movement pattern and such knowledge/understanding could be used by any effectors (e.g.,
effector independence). In contrast, the motor sequence leaning enhances the coordination of
muscle activations that could be effector dependent. In sum, the finding from the current study
once again confirms that bilateral transfer occurs during the more cognitive or “algorithmic”
phase of learning [21, 29].

In the present study, it was also predicted that differences would emerge between the train-
ing groups in regards to the extent of bilateral transfer when performing the sequential task in
either a mirror order or original order movement sequence. This prediction was based on the
assumption that imagery training leads to better transfer of skill on tasks that have a higher
degree of complexity [9, 16]. In the case of the present study, it was assumed based on previous
work [18, 19] that the mirror order sequential task would be cognitively more demanding, and
thus better bilateral transfer performance would be associated with participants who trained
via imagery. However, results did not support this prediction. As mentioned above, there was
no evidence of a benefit to bilateral transfer for either the physical training group or the imag-
ery training group in experiment 2. Thus, it is not surprising that a difference between the bilat-
eral transfer tests were not found (e.g., mirror-order and original order tests) given that for
visumotor skills transfer tends to be in the direction of non-dominant to dominant hand. How-
ever, more surprising was the lack of differences between bilateral performance in the mirror
and original order in experiment 1. Specifically, no differences emerged between the physical
practice and imagery practice group when performing either the original order or mirror
ordered tests.

The predicted differences in performance between the physical and imagery group on the
mirror and original order sequential task were based on the assumption that the mirror and
original order task represent tasks of varying cognitive difficulty. However, the lack of findings
may suggest that the mirror order and original order were not significantly different in terms
of difficulty. It is possible that the extended practice with the trained hand led to substantial
gains in performance when performing with the untrained limb (i.e., bilateral transfer). If it is
the case that extended practice leads to even greater performance on the bilateral task, then the
bilateral task regardless of mirror or original order may have been relatively easy for the partici-
pants given their extensive training on the task. To this extent, neither the original order nor
the mirror order constituted a significantly different degree of difficulty. In order to test this
assumption, future research should examine the performance differences between the mirror
and original order task after only a brief training period, and again after an extended training
period. Based on our account, differences between the orders may be more evident during
early learning when the skill is less well learned (thus potentially less bilateral transfer), than
later in practice.
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In summary, the results of the current study indicate that, with a sustained practice period,
physical practice is better than imagery practice in enhancing the performance on the trained
hand and is equal to, if not better than, imagery practice in bilateral transfer. In addition, the
current study provides further evidence of a positive transfer from non-dominant hand to
dominant hand direction but not vice versa when sequential tapping tasks are used. These find-
ings have clinical implications in terms of optimizing practice schedules. For example, the
bilateral transfer of a learned skill is often one of the key concerns and/or goals in rehabilitation
training with stroke patients. Largely, these individuals can only voluntarily move one side of
their body. Practitioners, who are treating this hemispheric disability, often have stroke
patients practice their intact, unaffected limbs physically and mentally with expectations or
hope that this will facilitate rehabilitation of the limb of the affected side. Based on the current
findings, a practitioner may consider applying imagery practice during the early stages of the
rehabilitation and should apply more physical practice in the later stages of rehabilitation. As
all other studies, the current study has some limitations. First, the current study did not exam-
ine brain activities and therefore, could not answer questions such as what are the factors that
caused differences in access to the gained information by the dominant hand and non-domi-
nant hand. Second, the results of learning and bilateral transfer in the imagery group are actu-
ally a combined effect of both imagery and observation because the subjects in this group
watched video and conducted imagery during the practice. Thus it is unknown if 100% of
imagery or observation would change any in the results. And the last but not the least, the cur-
rent study did not conduct long-period either retention or transfer test (i.e., There were only 5
minutes gap between acquisition phase and the transfer test phase.) Thus, the current study
could not predict if the benefit shown by the physical group over the imagery group would be
sustained or be a long-period effect. Therefore, future study or studies are needed to address
the limitations in the current study.

Author Contributions
Conceived and designed the experiments: BL AC YHWXY. Performed the experiments: BL
ACWXY. Contributed reagents/materials/analysis tools: WMLMFWXY. Wrote the paper:
WMLMFWXY.

References
1. Davis WW. Researches in cross-education. Studies From The Yale Psychological Laboratory. 1900;

8:64–109.

2. Davis WW. Researches in cross education. Studies From The Yale Psychological Laboratory. 1898;
6:18–29.

3. Parlow SE, Kinsbourne M. Asymmetrical transfer of braille acquisition between hands. Brain and Lan-
guage. 1990; 39:319–30. PMID: 2224498

4. Hicks RE. Asymmetry of bilateral transfer. American Journal of Psychology. 1974; 87(4):667–74.

5. Teixeira LA. Timing and force components in bilateral transfer of learning. Brain and Cognition. 2000;
44:455–69. PMID: 11104537

6. YaoWX, Cordova A, Huang Y, Wang Y, Lu X. Bilateral transfer for learning to control timing but not for
learning to control fine force. Percept Mot Skills. 2014; 118(2):400–10. doi: 10.2466/23.25.PMS.
118k19w1 PMID: 24897876.

7. Ausenda C, Carnovali M. Transfer of motor skill learning from the healthy hand to the paretic hand in
stroke patients: a randomized controlled trial. Eur J Phys Rehabil Med. 2011; 47(3):417–25. Epub
2011/05/11. PMID: 21555982.

8. Arora S, Aggarwal R, Sirimanna P, Moran A, Grantcharov T, Kneebone R, et al. Mental practice
enhances surgical technical skills: a randomized controlled study. Annals of surgery. 2011; 253
(2):265–70. Epub 2011/01/20. doi: 10.1097/SLA.0b013e318207a789 PMID: 21245669.

Imagery and Bilateral Transfer

PLOS ONE | DOI:10.1371/journal.pone.0152228 April 6, 2016 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/2224498
http://www.ncbi.nlm.nih.gov/pubmed/11104537
http://dx.doi.org/10.2466/23.25.PMS.118k19w1
http://dx.doi.org/10.2466/23.25.PMS.118k19w1
http://www.ncbi.nlm.nih.gov/pubmed/24897876
http://www.ncbi.nlm.nih.gov/pubmed/21555982
http://dx.doi.org/10.1097/SLA.0b013e318207a789
http://www.ncbi.nlm.nih.gov/pubmed/21245669


9. Driskell JE, Copper C, Moran A. Does mental practice enhance performance? Journal of Applied Psy-
chology. 1994; 79:481–92.

10. Feltz DL, Landers DM. The Effects of mental practice on motor skill learning and performance: A meta-
analysis. Journal of Sport Psychology. 1983; 5:25–57.

11. YaoWX, Ranganathan VK, Allexandre D, Siemionow V, Yue GH. Kinesthetic imagery training of force-
ful muscle contractions increases brain signal and muscle strength. Frontiers in human neuroscience.
2013; 7:561. Epub 2013/10/18. doi: 10.3389/fnhum.2013.00561 PMID: 24133427; PubMed Central
PMCID: PMCPMC3783980.

12. Yue G, Cole KJ. Strength increases from the motor program: comparison of training with maximal vol-
untary and imagined muscle contractions. Journal of Neurophysiology. 1992; 67:1114–23. PMID:
1597701

13. Frank C, LandWM, Popp C, Schack T. Mental representation and mental practice: experimental inves-
tigation on the functional links between motor memory and motor imagery. PLoS One. 2014; 9(4):
e95175. doi: 10.1371/journal.pone.0095175 PMID: 24743576; PubMed Central PMCID:
PMCPMC3990621.

14. Amemiya K, Ishizu T, Ayabe T, Kojima S. Effects of motor imagery on intermanual transfer: a near-infra-
red spectroscopy and behavioural study. Brain Res. 2010; 1343:93–103. Epub 2010/04/29. doi: 10.
1016/j.brainres.2010.04.048 PMID: 20423702.

15. Lohse KR, Godde B, Braun C. Mental practice in the intermanual transfer of motor skills. Journal of
Imagery Research in Sport and Physical Activity. 2010; 5:1–24.

16. Wohldmann EL, Healy AF, Bourne LE. A mental practice superiority effect: less retroactive interference
and more transfer than physical practice. Journal of experimental psychology Learning, memory, and
cognition. 2008; 34(4):823–33. Epub 2008/07/09.

17. Saltzman E. Levels of sensorimotor represntation. Journal of Mathematical Psychology. 1979; 20:91–
163.

18. Lange RK, Braun C, Godde B. Coordinate processing during the left-to-right hand transfer investigated
by EEG. Exp Brain Res. 2006; 168:547–56. PMID: 16328313

19. Lange RK, Godde B, Braun C. EEG correlates of coordinate processing during intermanual transfer.
Exp Brain Res. 2004; 159:161–71. PMID: 15340766

20. Sainburg RL, Wang J. Interlimb transfer of visuomotor rotations: independence of direction and final
position information. Exp Brain Res. 2002; 145(4):437–47. Epub 2002/08/13. doi: 10.1007/s00221-
002-1140-7 PMID: 12172655.

21. Wang J, Sainburg RL. Interlimb transfer of novel inertial dynamics is asymmetrical. J Neurophysiol.
2004; 92(1):349–60. Epub 2004/03/19. doi: 10.1152/jn.00960.2003 PMID: 15028745.

22. Hird JS, Landers DM, Thomas JR, Horan JJ. Physical Practice Is Superior to Mental Practice in
Enhancing Cognitive and Motor Task-Performance. Journal of Sport & Exercise Psychology. 1991; 13
(3):281–93. WOS:A1991GD79500006.

23. Guadagnoli MA, Lee TD. Challenge point: a framework for conceptualizing the effects of various prac-
tice conditions in motor learning. J Mot Behav. 2004; 36(2):212–24. doi: 10.3200/JMBR.36.2.212-224
PMID: 15130871.

24. Fitts PM, Posner MI. Human Performance. Oxford, England: Brooks and Cole; 1967.

25. Gentile AM. A working model of skill acquisition with application to teaching. Quest. 1972; 17:3–23.

26. Krakauer JW, Ghilardi MF, Ghez C. Independent learning of internal models for kinematic and dynamic
control of reaching. Nat Neurosci. 1999; 2(11):1026–31. Epub 1999/10/20. doi: 10.1038/14826 PMID:
10526344.

27. van Mier HI, Petersen SE. Intermanual transfer effects in sequential tactuomotor learning: evidence for
effector independent coding. Neuropsychologia. 2006; 44(6):939–49. doi: 10.1016/j.neuropsychologia.
2005.08.010 PMID: 16198379.

28. Hikosaka O, Nakahara H, Rand MK, Sakai K, Lu X, Nakamura K, et al. Parallel neural networks for
learning sequential procedures. Trends Neurosci. 1999; 22(10):464–71. PMID: 10481194.

29. Logan GD. Automaticity, resources, and memory: theoretical controversies and practical implications.
Human factors. 1988; 30(5):583–98. Epub 1988/10/01. PMID: 3065212.

Imagery and Bilateral Transfer

PLOS ONE | DOI:10.1371/journal.pone.0152228 April 6, 2016 14 / 14

http://dx.doi.org/10.3389/fnhum.2013.00561
http://www.ncbi.nlm.nih.gov/pubmed/24133427
http://www.ncbi.nlm.nih.gov/pubmed/1597701
http://dx.doi.org/10.1371/journal.pone.0095175
http://www.ncbi.nlm.nih.gov/pubmed/24743576
http://dx.doi.org/10.1016/j.brainres.2010.04.048
http://dx.doi.org/10.1016/j.brainres.2010.04.048
http://www.ncbi.nlm.nih.gov/pubmed/20423702
http://www.ncbi.nlm.nih.gov/pubmed/16328313
http://www.ncbi.nlm.nih.gov/pubmed/15340766
http://dx.doi.org/10.1007/s00221-002-1140-7
http://dx.doi.org/10.1007/s00221-002-1140-7
http://www.ncbi.nlm.nih.gov/pubmed/12172655
http://dx.doi.org/10.1152/jn.00960.2003
http://www.ncbi.nlm.nih.gov/pubmed/15028745
http://dx.doi.org/10.3200/JMBR.36.2.212-224
http://www.ncbi.nlm.nih.gov/pubmed/15130871
http://dx.doi.org/10.1038/14826
http://www.ncbi.nlm.nih.gov/pubmed/10526344
http://dx.doi.org/10.1016/j.neuropsychologia.2005.08.010
http://dx.doi.org/10.1016/j.neuropsychologia.2005.08.010
http://www.ncbi.nlm.nih.gov/pubmed/16198379
http://www.ncbi.nlm.nih.gov/pubmed/10481194
http://www.ncbi.nlm.nih.gov/pubmed/3065212

