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The well-documented observation of bilateral performance gains following unilateral motor
training, a phenomenon known as cross-limb transfer, has important implications for rehabilitation. It has recently been shown that provision of a mirror image of the active hand during unilateral motor training has the capacity to enhance the efficacy of this phenomenon
when compared to training without augmented visual feedback (i.e., watching the passive
hand), possibly via action observation effects [1]. The current experiment was designed to
confirm whether mirror-visual feedback (MVF) during motor training can indeed elicit greater
performance gains in the untrained hand compared to more standard visual feedback (i.e.,
watching the active hand). Furthermore, discussing the mechanisms underlying any such
MVF-induced behavioural effects, we suggest that action observation and the cross-activation hypothesis may both play important roles in eliciting cross-limb transfer. Eighty participants practiced a fast-as-possible two-ball rotation task with their dominant hand. During
training, three different groups were provided with concurrent visual feedback of the active
hand, inactive hand or a mirror image of the active hand with a fourth control group receiving
no training. Pre- and post-training performance was measured in both hands. MVF did not
increase the extent of training-induced performance changes in the untrained hand following unilateral training above and beyond those observed for other types of feedback. The
data are consistent with the notion that cross-limb transfer, when combined with MVF, is
mediated by cross-activation with action observation playing a less unique role than previously suggested. Further research is needed to replicate the current and previous studies to
determine the clinical relevance and potential benefits of MVF for cases that, due to the
severity of impairment, rely on unilateral training programmes of the unaffected limb to drive
changes in the contralateral affected limb.
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Introduction
Mirror therapy is a psychophysiological technique used in the rehabilitation of individuals,
who suffer from chronic regional pain syndrome or have experienced stroke or other forms of
motor impairment, aiming to improve motor function or relieve pain. During mirror therapy a
mirror is placed in an individual’s midsagittal plane, which participants are subsequently asked
to focus on. One limb is placed in the reflective side of the mirror, and its mirror image then
superimposed over the contralateral limb that is hidden behind the mirror. Once the limb in
front of the mirror is moved, a visual illusion of two synchronously moving limbs is created
(see Fig 1). Ramachandran and Rogers-Ramachandran [2] were the first to employ mirrorvisual feedback (MVF) to alleviate phantom limb pain. Since then, mirror therapy has also
been demonstrated to be beneficial in stroke rehabilitation [3, 4] and in the treatment of
chronic regional pain syndrome [5]. During bilateral movement therapy within a stroke rehabilitative environment, in which a participant aims to move both arms, MVF of the unimpaired
arm is superimposed over the sensed position of the impaired (paretic) arm to give the impression that the impaired limb is moving as efficiently as the unimpaired limb. Such MVF has
been previously shown to elicit behavioural improvements in the impaired limb that outweigh
those which occur under normal unaltered visual conditions (i.e., direct vision of the impaired
limb) [3, 4, 6].
Most commonly used in conjunction with bilateral movement therapies within clinical settings (as described above), recent research has employed MVF in different types of unilateral
tasks [1, 7, 8] and suggests, at least for healthy populations, beneficial behavioural effects can
occur. In this context, Nojima and colleagues [1, 8] recently asked participants to practice a
fast-as-possible ball rotation task with their dominant hand while providing them with different types of visual feedback. Task performance was subsequently tested in both the trained and
untrained hand. The authors found significantly better test performance in the untrained hand
in the group that had received MVF during training, compared to the test performance in the
untrained limb for a group that had focused on the passive hand during training. Moreover,
the group receiving feedback of the passive hand also exhibited significantly impaired test performance in the untrained hand compared to a group that did not actually undertake any unilateral training but instead, passively watched a third person performing the motor task with
the untrained hand. This latter result was interpreted to suggest that action observation (AO)
effects—consisting of either watching one’s own hand or a third person’s—may drive a substantial proportion of the performance gains exhibited in the contralateral (untrained) limb
(i.e., cross-limb transfer) following unilateral training under augmented visual feedback conditions (i.e., MVF).
Cross-limb transfer (CLT) has been recognised for more than a century, and has been demonstrated for various strength and skill acquisition tasks [9–13]. Despite a number of investigations [14–16] the neural mechanisms underlying this phenomenon are not thoroughly
understood. Different hypotheses have been put forward to describe the neural mechanisms of
CLT and suggest that either changes in the untrained hemisphere (i.e., cross-activation hypothesis) or changes in the trained hemisphere accessible by the untrained hemisphere (i.e., bilateral
access hypothesis) occur in conjunction with behavioural gains in the trained limb, underpinning successful transfer of those behavioural gains [13]. However, as described above, given
that Nojima and colleagues [1] observed performance improvements in the untrained hand
that were not contingent upon performance gains in the trained hand (nor any unilateral
repeated practice at all), the idea that AO effects may be primarily responsible for CLT
observed within mirror therapy was proposed. AO has been associated with the observation of
another individual or of oneself performing a motor task [17, 18] and is linked with an action
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Fig 1. Experimental set up for the visual feedback conditions in the three training groups. Experimental set up for the visual feedback conditions in the
three training groups: Mirror Vision (left), Passive Vision (middle), and Active Vision (right).
doi:10.1371/journal.pone.0141828.g001

observation/action execution matching system in the human brain which leads to the activation of similar brain areas when observing or executing the same movement [19].
In light of our ageing society, where stroke and mobility deficits induced due to fall-related
injuries is becoming increasingly common, combining unilateral motor rehabilitation programs with mirror therapy is an appealing prospect. However, in order to improve the outcome
of rehabilitative programs, it is important to shed further light on the underlying mechanisms
of MVF-induced behavioural gains such that these programs can be designed to facilitate those
factors that critically drive the transfer process. To this end, we expanded upon Nojima and
colleagues’ previous experiments [1, 8] by utilising the same motor task but including two additional visual conditions to tease apart the putative factors underlying crossed-effects in an
untrained limb following motor training. Since it is most common to watch one’s own hand
when undertaking fine motor tasks to ensure accurate performance, we employed a condition
in which participants were provided with direct vision of the active hand during the training
protocol (i.e., the most usual or ecologically valid visual feedback). In our previous studies of
cross-limb transfer [11, 12] this type of feedback has been associated with cross-limb transfer
of behavioural gains, and would also be expected to drive transfer in a ball rotation task if this
transfer was driven by gains in the trained limb and associated cortical adaptations [13, 20]. As
we do not believe hand-specific AO-effects to be the sole underlying mechanism for the current
movement task, we expected visual feedback of the active hand to also elicit transfer in the
untrained hand, simply as a consequence of unilateral training. However, as it is possible that
AO-effects might play an additional role in modulating CLT [1, 8], we hypothesised the behavioural improvements in the untrained hand may be superior for the group that received MVF
compared to the group that focussed on their active hand due to a combination of underlying
AO and crossed-effects. Furthermore, we included a control condition, in which performance
in the untrained hand was tested before and after a rest period of a commensurate amount of
time to that taken for unilateral training in the other groups. We propose that such a condition
would elucidate the extent to which performance improvements in the untrained limb may
have occurred as a result of one-trial learning (i.e., conducting the test twice) [21] as opposed
to AO or crossed-effects occurring in conjunction with gains observed in the trained hand.
Indeed, test-enhanced learning has been demonstrated in a variety of cognitive and behavioural
tasks and its influence on Nojima and colleagues’ paradigm cannot be assumed to be
negligible.
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Methods
Participants
Eighty members of the University of Tasmania community (mean age = 27.5 years, SD = 8.3
years, 28 men and 52 women; range 18–48 years) participated in a single session of 30 minutes
duration. Six of the 80 adults (three men and three women) displayed left-hand dominance (as
recorded by the Edinburgh Handedness Inventory), and all had normal or corrected-to-normal
vision. The experimental procedure was approved by, and carried out in accordance with local
ethical guidelines laid down by the Tasmanian Human Research Ethics Committee Network,
and conformed to the Declaration of Helsinki. All participants signed an informed consent
form prior to the experiment.

Movement task
Participants were seated in a height adjustable chair with their forearms rested on a table and
their palms facing upwards. Participants performed a two-ball rotation task similar to the one
previously utilized by Nojima and colleagues [1, 8]. Specifically, they were asked to rotate two
golf balls (43 mm diameter and 45 g) as quickly as possible in either a clockwise direction (with
their right hand) or an anti-clockwise direction (with their left hand).

Experimental design
The study investigated the effects of a motor learning task with the dominant hand on subsequent motor performance of the non-dominant hand while the nature of visual feedback provided during motor learning was manipulated. Three groups of participants practiced a fast-aspossible two-ball rotation task with their dominant hand while receiving different types of
visual feedback. For a better pictorial representation of how the two balls were rotated within
the palm, please refer to Fig 1A out of the Materials and Methods section of Nojima and colleagues [22]. Participants in the Active Vision (ACT: n = 20, females: 14, mean age = 28.3
years, SD = 8.2 years) and Passive Vision (PAS: n = 20, females: 15, mean age = 25.8 years,
SD = 6.3 years) groups focused on the active (training) or inactive (non-training) hand, respectively, while vision of the opposite (unattended) hand was occluded with a custom built stand.
For participants in the Mirror Vision group (MIR: n = 20, females: 11, mean age = 24.7 years,
SD = 6.3 years), a mirror was placed vertically in the midsagittal plane and participants viewed
a mirror reflection of their active hand. Direct vision of the inactive hand was obscured due to
the positioning of the mirror; however, the mirror image of the active hand appeared superimposed on top of the obscured inactive hand. A custom-built stand, situated in the coronal plane
between participants’ upper body and their active hand, also prevented a direct view of the
active hand (Fig 1; the individual in this figure has given written informed consent, as outlined
in PLOS ONE consent form, to publish these case details). In these three groups, participants
practiced 10 blocks of 30 seconds of ball rotation. 30 seconds of rest was provided between
each practice block to avoid fatigue and participants were regularly verbally encouraged to perform the task as fast as possible. Prior to, and following the training phase (total duration 10
min), participants performed the same task with their non-dominant hand for 30 seconds with
similar instructions to perform the task as quickly as possible. Participants in the Control
group (CON: n = 20, females: 12, mean age = 31.2 years, SD = 10.5 years) performed these two
test blocks with their non-dominant hand, but rested between the blocks for a time period
comparable to the training period in the other groups. Data of the first and last training block
of the trained hand and the two test blocks of the untrained hand was collected via video
recordings and stored for subsequent analysis.
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Data reduction and statistical analysis
To assess training-induced changes in performance of the dominant (trained) and non-dominant (untrained) hand, the video recordings were analysed and the number of ball rotations
quantified in the pre- and post-test of the untrained hand (preuntrained, postuntrained), along with
the first and last block of motor learning for the trained hand (pretrained, posttrained), thereafter
referred to as pre- and post-performance in the trained and untrained hands. Post-performance was then normalized to pre-performance and subsequently natural log-transformed for
both the trained [ntrained = ln(posttrained / pretrained)] and untrained [nuntrained = ln(postuntrained
/ preuntrained)] hands to avoid positive skewness that is commonly associated with normalized
data.
Participants in the active training groups (ACT, PAS, MIR) who did not exhibit learninginduced performance improvements in the trained hand or did not exhibit transfer-induced
performance improvements in the untrained hand were excluded from the analysis of trained
and untrained hand performance. Firstly, to investigate potential differences in the trained and
untrained hand at pre-test, we conducted one-way ANOVAs using preuntrained, pretrained. Subsequently, we investigated potential visual-feedback induced differences in the trained hand by
conducting a one-way ANOVA on ntrained with groups (ACT, PAS, MIR) as a between-subject
factor. Finally, to probe training-induced changes in performance of the untrained (non-dominant) hand, not only between the three training groups (i.e., ACT, PAS, MIR) but also relative
to a CON group (i.e., participants that did not receive motor training with the dominant
hand), we conducted a one-way ANOVA using nuntrained.
IBM SPSS Statistics 21 (Armonk, NY, USA) was used for all analyses with the a priori level
of two-tailed significance set at 0.05. Both normalized trained and untrained variables were
tested for normality using the Kolmogorov-Smirnov test and natural log transformed (ln) in
the event of a violation of the assumption of normality prior to further analysis. Post hoc t tests
were used to examine all significant main effects and multiple comparisons corrected using the
False Discovery Rate (FDR) method [23]. Partial eta-squared (Z2p ) for ANOVA’s, and Cohen’s
d for student’s t tests are provided as measures of effect size and used to aid in the interpretation of inferential statistics.

Results
All results are presented as means (M) ± standard deviations (SD), and 95% confidence intervals [CI]. There were no significant differences between the groups with regards to their age
(p > 0.05). Table 1 shows the mean and SD for the raw number of ball rotations in each group
for the trained and untrained hand at pre- and post-test.

Performance of the trained hand
An initial analysis conducted on the participants who satisfied the aforementioned inclusion
criteria (n MIR = 16, n PAS = 18, n ACT = 17) did not reveal a significant difference in raw performance in the trained hand at pre-test (p = 0.794). A subsequent one-way ANOVA also did
not reveal a significant difference in motor-learning induced performance increases in the
trained hand, F(2,51) = 0.66, p = 0.520, Z2p = 0.027, between the three active groups
(MIR = 0.32 ± 0.27, [0.22, 0.42]; PAS = 0.29 ± 0.15, [0.20, 0.39]; ACT = 0.24 ± 0.16, [0.15,
0.34]). Unsurprisingly however, regardless of feedback type, participants showed substantial
improvements in the trained hand (M = 0.28) as revealed by a signiﬁcant grand mean effect, F
(1,51) = 106.42, p < 0.001, Z2p = 0.689. Fig 2 represents natural log-transformed normalized
performance gains in the trained hand for each of the training groups.
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Table 1. Number of ball rotations in the trained and untrained hand: Mean and SD representing the raw number of ball rotations in each group for
the trained hand (N = 51) and the untrained hand (N = 59) at pre-and post-test.
Mirror Vision

Active Vision

Passive Vision

Pre

Post

Pre

Post

Pre

Post

Trained Hand

11.9 ± 5.1

15.7 ± 4.8

12.5 ± 3.7

15.8 ± 4.5

11.6 ± 3.0

15.3 ± 2.9

Untrained Hand

14.0 ± 5.3

16.7 ± 5.6

11.5 ± 4.8

13.5 ± 4.5

11.7 ± 4.8

13.9 ± 4.8

Control Group
Pre

Post
n.a.

15.2 ± 6.0

16.2 ± 6.4

doi:10.1371/journal.pone.0141828.t001

Performance of the untrained hand
An initial analysis conducted on the participants who satisfied the aforementioned inclusion
criteria (n MIR = 15, n PAS = 12, n ACT = 12, n CON = 20) revealed did not reveal a significant
difference in raw performance in the untrained hand at pre-test (p = .178). A subsequent oneway ANOVA revealed significant differences in performance gains in the untrained hand
between the groups, F(3,59) = 6.06, p = 0.001, Z2p = 0.248. Follow up FDR- corrected t tests
revealed signiﬁcantly smaller performance gains for participants in the control group
(CON = 0.06 ± 0.10, [0.07, 0.12]) compared to all three training groups (MIR = 0.19 ± 0.11,
[0.14, 0.25]; PAS = 0.19 ± 0.10, [0.13, 0.26]; ACT = 0.19 ± 0.14, [0.13, 0.25]) (all FDR-adjusted
p’s  0.028, all d’s  1.093). Additionally, none of the training groups differed between each
other with respect to the extent of gains in the untrained limb, indicating that the nature of the
visual feedback provided during the motor learning task did not induce a statistically signiﬁcant inﬂuence on performance gains in the untrained hand (all p’s > 0.965). Fig 3 represents
log-transformed normalized performance gains in the untrained hand for the training groups
and the control group.
A similar analysis conducted on those participants who did not exhibit training-induced
effects in the trained hand (n = 9) revealed that normalized performance in the untrained hand
(log-transformed) did not differ between the training groups (0.06 ± 0.16, [-0.02, 0.14]) and
the CON group (0.06 ± 0.10, [0.07, 0.12]), F(1,29) = 0.01, p = 0.940, Z2p < 0.001.

Fig 2. Log-transformed normalized improvement in the trained hand. Averaged normalized performance
changes (log-transformed) in the trained hand for each of the three training groups (N = 51). Error bars
represent 95% CI.
doi:10.1371/journal.pone.0141828.g002
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Fig 3. Log-transformed normalized improvement in the untrained hand. Averaged normalized
performance changes (log-transformed) in the untrained hand for each of the three training groups and the
control group (N = 59). Error bars represent 95% CI and * indicates FDR corrected p < 0.05.
doi:10.1371/journal.pone.0141828.g003

Discussion
The current study aimed to determine whether MVF during unilateral motor training—in this
case a fast-as-possible two-ball rotation—could result in significantly greater performance
improvements in the untrained hand compared to conditions where participants focus on their
active or passive hand during training, while shedding further light on the possible mechanisms
mediating the transfer process. Building on the results of Nojima and colleagues [1, 8]–which
appear to indicate that MVF may be beneficial in facilitating performance gains exhibited in
the untrained hand—we examined the extent to which MVF facilitation can be attributed solely
to action observation or whether other mechanisms such as (cortically-regulated) crossedeffects resulting from performance improvements in the trained limb may be involved once
any effects of single-trial learning are taken into account. Understanding these mechanisms
and the extent of their influence on transfer is essential such that mirror therapy may be utilised more widely within rehabilitative and therapeutic settings to induce the greatest possible
performance gains in the untrained limb, e.g., a paretic limb following stroke.
In line with earlier research examining cross-limb transfer across different strength and skill
acquisition tasks [for an overview see 9, 10, 11, 13], in the current study the degree of performance improvement after unilateral training (although seen in both the trained and untrained
hands) was greater in the trained compared to the untrained hand. The finding that performance improvements in the trained hand did not vary between training groups indicates that
any intermodal conflicts due to differences in visual feedback [24, 25] were overcome such that
performance gains were elicited. Moreover, these findings are consistent with the view that performance improvements in the trained limb are only partially manifested in the untrained limb
[e.g., 11–13, 20]. For those participants who exhibited performance gains in the trained hand,
all feedback groups showed an increase in performance in the untrained hand (MIR: nuntrained
= 0.19, PAS: nuntrained = 0.19, ACT: nuntrained = 0.19) that was significantly greater than the
improvement observed in the control group that had not undergone training (nuntrained = 0.08)
(p = 0.015). It can therefore be assumed that for the motor learning task employed in the current, as well as in previous studies [1, 8, 26, 27], the performance gains in the untrained hand
were actually a consequence of prior motor training with the contralateral hand and did not
simply occur as a consequence of participants performing the motor task with the untrained
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hand twice (i.e., pre- and post-test)–an effect previously demonstrated in a variety of cognitive
and behavioural tasks [28–30].
With regards to the mechanisms mediating MVF-induced performance gains in the
untrained limb, the current findings are not consistent with the idea of effector-specific AO
effects as the primary underlying mechanism [1]. Rather, they are in support of the notion that
training-induced improvements in the trained hand were imperative to induce performance
improvements in the untrained limb. A number of lines of evidence support this view. Firstly,
for all participants in all training groups, performance gains in the untrained hand—regardless
of the nature of the visual feedback—were only apparent when training-evoked improvements
in the trained limb were observed. That is, those participants who did not exhibit learning with
the trained hand following the training period exhibited no gains in the untrained hand (i.e.,
similar improvements to the control group) (p = 0.940). This suggests that performance
improvements in the untrained limb are contingent upon performance gains in the trained
limb, a notion which is not consistent with effector-specific AO but is in accordance with different theories underlying cross-limb transfer, such as the cross-activation hypothesis [13, 20].
Secondly, if performance improvements in the untrained hand were predominantly a result of
effector-specific or effector-congruent AO (i.e., facilitatory effects dependent on the congruency of the observed action), participants in our ACT group would not be expected to exhibit
performance gains in the untrained hand, as observation occurred of the trained and not the
untrained hand. However, they showed improvements in the untrained hand (nuntrained = 0.19)
that did not vary significantly relative to those participants who received MVF or focussed on
their passive hand during the training regime (MIR: nuntrained = 0.19, PAS: nuntrained = 0.19) (all
p’s > 0.968) (Fig 3). According to our results, MVF-induced behavioural improvements in the
untrained hand can thus not solely be attributed to effector-specific AO effects, but are also
mediated, at least in part, by crossed-effects which are contingent upon training-related adaptations and performance gains in the trained limb.
We propose that MVF-induced improvements in the untrained hand are mediated, at least
partially, by mechanisms similar to those underlying cross-limb transfer following unilateral
training programmes in the presence of standard modes of visual feedback (i.e., watching the
active hand). This proposition differs from those suggested in a number of previous studies
investigating MVF-induced transfer. Based on the finding of Nojima et al. [1], two other studies [26, 27] recently argued that the neural mechanisms mediating MVF-related performance
improvements in the untrained hand differed from those that mediate cross-limb transfer
under more standard (veridical) visual feedback conditions. We believe that a number of behavioural and neurophysiological factors potentially contribute to the extent of cross-limb transfer exhibited after unilateral training using different visual feedback conditions. More research
is thus needed to further investigate the exact contribution of those variables.
Contrary to previous reports by Nojima and colleagues [1], we did not observe statistically
significant differences in the degree of performance improvement in the untrained hand
depending on the type of visual feedback provided during the task [1, 8]. The current findings
are, however, consistent with results from a recent study [16], in which we also proposed that a
variation of visual feedback was unlikely to be the underlying driving factor behind previously
reported mirror training-related behavioural improvements [see 6, 24, 25]. Despite the purported association between increases in corticospinal excitability (as a measure of plasticity
changes in the motor cortex) and motor learning processes, our previous study [16] did not
find increased corticospinal excitability facilitation in the ipsilateral motor cortex in the MVF
condition when compared to more standard visual feedback conditions (i.e., watching the
active or the passive hand). It was thus concluded that the unilateral execution of the movement itself represented the more important mechanism underpinning MVF-induced gains in
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the untrained hand, with AO-effects potentially being manifested concurrently to a lesser
degree.
Alternatively, it is conceivable that the inconsistency in findings between the current study
and Nojima and colleagues [1] may reflect subtle differences in the experimental setup. Specifically, participants in the mirror group in the current study were only able to see the mirror
image of the active hand (superimposed over the inactive hand), whereas in Nojima and colleagues’ experiments [1, 8] participants were permitted peripheral vision of the active hand as
well as its mirror image. The cross-activation hypothesis of cross-limb transfer [13] is predicated upon the fact that unilateral tasks are associated with bilateral cortical activation, e.g., an
increase in unilateral force leads to an excitability increase in the projections to the opposite
limb [31]. Accordingly, allowing people to view both ‘hands’ (i.e., the active hand and the mirror image—as was the case in Nojima et al’s studies) may have led to more pronounced
changes in the M1 ipsilateral to the active hand and may subsequently have led to greater performance increases when compared to the MVF condition in the current study, where participants only saw a single limb. This view is also supported by previous research investigating the
underlying neural mechanisms of MVF [32–34]. Specifically, Fritzsch and colleagues [34]
argued that the production of additional ipsilateral activation in M1 from MVF might have
been due to the availability of vision of the mirror and the active hand during task execution.
However, as we did not attain any neurophysiological measures, nor test conditions in which
one or both hands were visible, we are unable to determine whether this proposition holds true
in the current experiment.
In considering a previous study by Nojima and colleagues [22], which found behavioural
improvements after AO to be dependent on and positively correlated to the degree of kinaesthetic illusion elicited by the AO, it is conceivable that our MIR condition failed to induce a significant enough kinaesthetic illusion in the untrained hand such that this condition failed to
elicit performance gains that were superior to those observed in the other feedback groups.
One of the potential limitations to the conclusions drawn from the current study is the substantial inter-participant variability observed with respect to performance, both prior to, and following motor training, possibly suggesting a high degree of task complexity. Moreover, the
degree of learning observed over the course of the training was very low (i.e., an increase of
only 2–3 ball rotations within the 30 s period), which is likely to have resulted in any subtle differences in the extent of learning (in either the trained or transfer hand), eliciting due to
changes in feedback, remaining undetected. An associated consideration is that, consistent
with Nojima and colleagues [1], we used the same sized balls for all participants. This may have
made the task easier for some individuals, and harder for other, depending on whether the ball
diameter was appropriate for their palm size. In addition, we used a set of balls that differed in
terms of their size and weight (43 mm diameter and 45 g) compared to those used in previous
studies (30 mm diameter and 10g weight, see 1, 8, 26, 27). Such a difference may have
accounted for the lower baseline performance in both the trained (mean = 15 rotations) and
untrained (mean = 14 rotations) hand observed in the current study compared to the previously mentioned studies (Nojima [1]: approx. 21 rotations over a 30 second period; von Rein
[26]: 43 rotations over a 1 minute period), further hindering sufficient performance gains and
possible transfer. Finally, errors in coordination (i.e., ‘slips’ or ball drops), despite being corrected for quickly, could substantially affect the number of ball rotations achieved in the short
30 second test period resulting in large variability. We propose that future studies employ an
array of tasks of varying complexity (e.g., equipment size adjusted to hand size) that are sensitive enough to evaluate whether MVF is more effective for certain types of tasks. Moreover, we
recommend evaluating motor performance throughout the entire training period [26, 27] as
opposed to only assessing pre- and post-training measures, thus enabling more accurate
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conclusions to be drawn about participants’ change in performance over time. Finally, in light
of previous findings [22], we suggest assessment of the degree of kinaesthetic illusion elicited
across the different feedback groups, as such illusory effects might be an important factor
explaining and determining the success of MVF-based interventions.
In conclusion, the present study does not support previous suggestions that MVF has the
potential to increase the extent of training-induced performance changes in the untrained
hand following unilateral training above and beyond those observed for other types of feedback. Furthermore, the data are consistent with the notion that CLT effects are mediated, at
least in part, by neural adaptations [20] that occur in conjunction with behavioural gains in the
trained limb, and AO, in contrast, appears to play not as significant a role as suggested by
recent reports [1]. Further research is needed to replicate and expand upon the current and
previous studies to determine clinical relevance, especially for cases in which rehabilitation
using bilateral movement therapies is not possible due to the severity of the impairment, and
thus increasing the importance of unilateral training programs.

Supporting Information
S1 File. Raw data for all 80 participants: Raw pre- and post-performance in the trained and
untrained hands for the entire sample size.
(XLSX)

Author Contributions
Conceived and designed the experiments: PR. Performed the experiments: PR. Analyzed the
data: PR RP MRH. Contributed reagents/materials/analysis tools: PR. Wrote the paper: PR RP
MIG JJS MRH.

References
1.

Nojima I, Mima T, Koganemaru S, Thabit MN, Fukuyama H, Kawamata T. Human motor plasticity
induced by mirror visual feedback. J Neurosci. 2012; 32(4):1293–300. doi: 10.1523/JNEUROSCI.
5364-11.2012 PMID: 22279214

2.

Ramachandran VS, Rogers-Ramachandran D. Synaesthesia in phantom limbs induced with mirrors.
Proc Biol Sci. 1996; 263(1369):377–86. PMID: 8637922

3.

Altschuler EL, Wisdom SB, Stone L, Foster C, Galasko D, Llewellyn DM, et al. Rehabilitation of hemiparesis after stroke with a mirror. Lancet. 1999; 353(9169):2035–6. PMID: 10376620

4.

Yavuzer G, Selles R, Sezer N, Sutbeyaz S, Bussmann JB, Koseoglu F, et al. Mirror therapy improves
hand function in subacute stroke: a randomized controlled trial. Arch Phys Med Rehabil. 2008; 89
(3):393–8. doi: 10.1016/j.apmr.2007.08.162 PMID: 18295613

5.

McCabe CS, Haigh RC, Ring EF, Halligan PW, Wall PD, Blake DR. A controlled pilot study of the utility
of mirror visual feedback in the treatment of complex regional pain syndrome (type 1). Rheumatology
(Oxford). 2003; 42(1):97–101.

6.

Thieme H, Mehrholz J, Pohl M, Behrens J, Dohle C. Mirror therapy for improving motor function after
stroke. Cochrane Database Syst Rev. 2012; 3:CD008449. doi: 10.1002/14651858.CD008449.pub2
PMID: 22419334

7.

Lappchen CH, Ringer T, Blessin J, Seidel G, Grieshammer S, Lange R, et al. Optical illusion alters M1
excitability after mirror therapy: a TMS study. J Neurophysiol. 2012; 108(10):2857–61. doi: 10.1152/jn.
00321.2012 PMID: 22972955

8.

Nojima I, Oga T, Fukuyama H, Kawamata T, Mima T. Mirror visual feedback can induce motor learning
in patients with callosal disconnection. Exp Brain Res. 2013; 227(1):79–83. doi: 10.1007/s00221-0133486-4 PMID: 23543104

9.

Carroll TJ, Herbert RD, Munn J, Lee M, Gandevia SC. Contralateral effects of unilateral strength training: evidence and possible mechanisms. Journal of applied physiology. 2006; 101(5):1514–22. PMID:
17043329

PLOS ONE | DOI:10.1371/journal.pone.0141828 October 30, 2015

10 / 12

Mirror-Visual Feedback and Cross-Limb Transfer

10.

Farthing JP. Cross-Education of Strength Depends on Limb Dominance: Implications for Theory and
Application. Exerc Sport Sci Rev. 2009; 37(4):179–87. doi: 10.1097/JES.0b013e3181b7e882 PMID:
19955867

11.

Hinder MR, Schmidt MW, Garry MI, Carroll TJ, Summers JJ. Absence of cross-limb transfer of performance gains following ballistic motor practice in older adults. J Appl Physiol. 2011; 110(1):166–75. doi:
10.1152/japplphysiol.00958.2010 PMID: 21088207

12.

Hinder MR, Carroll TJ, Summers JJ. Inter-limb transfer of ballistic motor skill following non-dominant
limb training in young and older adults. Experimental brain research Experimentelle Hirnforschung
Experimentation cerebrale. 2013; 227(1):19–29. doi: 10.1007/s00221-013-3481-9 PMID: 23535836

13.

Lee M, Hinder MR, Gandevia SC, Carroll TJ. The ipsilateral motor cortex contributes to cross-limb
transfer of performance gains after ballistic motor practice. J Physiol. 2010; 588(Pt 1):201–12. doi: 10.
1113/jphysiol.2009.183855 PMID: 19917563

14.

Garry MI, Loftus A, Summers JJ. Mirror, mirror on the wall: viewing a mirror reflection of unilateral hand
movements facilitates ipsilateral M1 excitability. Experimental brain research Experimentelle Hirnforschung Experimentation cerebrale. 2005; 163(1):118–22. PMID: 15754176

15.

Carson RG, Ruddy KL. Vision modulates corticospinal suppression in a functionally specific manner
during movement of the opposite limb. The Journal of neuroscience: the official journal of the Society
for Neuroscience. 2012; 32(2):646–52.

16.

Reissig P, Garry MI, Summers JJ, Hinder MR. Visual feedback-related changes in ipsilateral cortical
excitability during unimanual movement: Implications for mirror therapy. Neuropsychol Rehabil. 2014;
24(6):936–57. doi: 10.1080/09602011.2014.922889 PMID: 24894429

17.

Aziz-Zadeh L, Maeda F, Zaidel E, Mazziotta J, Iacoboni M. Lateralization in motor facilitation during
action observation: a TMS study. Experimental brain research Experimentelle Hirnforschung Experimentation cerebrale. 2002; 144(1):127–31. PMID: 11976767

18.

Strafella AP, Paus T. Modulation of cortical excitability during action observation: a transcranial magnetic stimulation study. Neuroreport. 2000; 11(10):2289–92. PMID: 10923687

19.

Touzalin-Chretien P, Dufour A. Motor cortex activation induced by a mirror: evidence from lateralized
readiness potentials. J Neurophysiol. 2008; 100(1):19–23. E doi: 10.1152/jn.90260.2008 PMID:
18480370

20.

Carroll TJ, Lee M, Hsu M, Sayde J. Unilateral practice of a ballistic movement causes bilateral
increases in performance and corticospinal excitability. Journal of applied physiology. 2008; 104
(6):1656–64. doi: 10.1152/japplphysiol.01351.2007 PMID: 18403447

21.

Gates AI. Recitation as a factor in memorizing. Archives of Psychology. 1917; 6(40).

22.

Nojima I, Koganemaru S, Kawamata T, Fukuyama H, Mima T. Action observation with kinesthetic illusion can produce human motor plasticity. Eur J Neurosci. 2015.

23.

Benjamini Y, Hochberg Y. Controlling the False Discovery Rate—a Practical and Powerful Approach to
Multiple Testing. J Roy Stat Soc B Met. 1995; 57(1):289–300.

24.

Deconinck FJ, Smorenburg AR, Benham A, Ledebt A, Feltham MG, Savelsbergh GJ. Reflections on
mirror therapy: a systematic review of the effect of mirror visual feedback on the brain. Neurorehabil
Neural Repair. 2015; 29(4):349–61. doi: 10.1177/1545968314546134 PMID: 25160567

25.

Ramachandran VS, Altschuler EL. The use of visual feedback, in particular mirror visual feedback, in
restoring brain function. Brain. 2009; 132:1693–710. doi: 10.1093/brain/awp135 PMID: 19506071

26.

von Rein E, Hoff M, Kaminski E, Sehm B, Steele CJ, Villringer A, et al. Improving motor performance
without training: The effect of combining mirror visual feedback with transcranial direct current stimulation. J Neurophysiol. 2015:jn 00832 2014.

27.

Hoff M, Kaminski E, Rjosk V, Sehm B, Steele CJ, Villringer A, et al. Augmenting mirror visual feedbackinduced performance improvements in older adults. Eur J Neurosci. 2015; 41(11):1475–83. doi: 10.
1111/ejn.12899 PMID: 25912048

28.

Morris CD, Bransford JD, Franks JJ. Levels of Processing Versus Transfer Appropriate Processing. J
Verb Learn Verb Be. 1977; 16(5):519–33.

29.

Roediger HL, Karpicke JD. Test-enhanced learning—Taking memory tests improves long-term retention. Psychol Sci. 2006; 17(3):249–55. PMID: 16507066

30.

Roediger HL. Implicit Memory—Retention without Remembering. Am Psychol. 1990; 45(9):1043–56.
PMID: 2221571

31.

Perez MA, Cohen LG. Mechanisms underlying functional changes in the primary motor cortex ipsilateral to an active hand. J Neurosci. 2008; 28(22):5631–40. doi: 10.1523/JNEUROSCI.0093-08.2008
PMID: 18509024

PLOS ONE | DOI:10.1371/journal.pone.0141828 October 30, 2015

11 / 12

Mirror-Visual Feedback and Cross-Limb Transfer

32.

Shinoura N, Suzuki Y, Watanabe Y, Yamada R, Tabei Y, Saito K, et al. Mirror therapy activates outside
of cerebellum and ipsilateral M1. Neurorehabilitation. 2008; 23(3):245–52. PMID: 18560141

33.

Diers M, Christmann C, Koeppe C, Ruf M, Flor H. Mirrored, imagined and executed movements differentially activate sensorimotor cortex in amputees with and without phantom limb pain. Pain. 2010; 149
(2):296–304. doi: 10.1016/j.pain.2010.02.020 PMID: 20359825

34.

Fritzsch C, Wang J, dos Santos LF, Mauritz KH, Brunetti M, Dohle C. Different effects of the mirror illusion on motor and somatosensory processing. Restor Neurol Neuros. 2014; 32(2):269–80.

PLOS ONE | DOI:10.1371/journal.pone.0141828 October 30, 2015

12 / 12

