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There is now strong evidence demonstrating that the brain simulates action and other func-
tions. Such action simulation can be evoked through conscious mental rehearsal of move-
ment or imagery, but also through passive action observation watching movements in others. 
Furthermore, there is evidence to suggest that mental rehearsal of movement, or mental practice, 
can produce improvements normally attributed to practising actual movements. It is currently 
assumed that such improvements are due to neural activation associated with action simulation. 
However the neuroscience of mental practice efficacy is still poorly understood. The aim of this 
research topic is to clarify the underlying mechanisms of mental practice, bringing evidence from 
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cognitive neuroscience, experimental neuropsychology, sport and movement science, and clinical 
neurology. It also attempts to address confusion regarding the concepts of imagery and obser-
vation, which has hampered the progression of mental practice research both scientifically and 
applied. As well as reviews, theoretical, and position articles, this research topic includes original 
neuroimaging, experimental, and patient research addressing, among others, the following issues. 

Neuroimaging studies provide strong evidence for action simulation, but the link to behavioural 
change and functional outcome is weak. What is the evidence that mental practice efficacy is 
driven by neuroplasticity processes evoked by action simulation? This research topic includes 
contributions on neural correlates and behaviour with regards to imagery and action observation. 

Much of the mental practice efficacy evidence comes from longstanding research within sport 
science. However, what does mental practice entail in these contexts, and to what extent is it 
compatible with the cognitive neuroscience perspective of action simulation? This research topic 
will include contributions that consider both evidence and concepts with regards to imagery 
and action observation, in an attempt to build an interdisciplinary consensus on the nature and 
application of mental practice. 

Mental practice is perceived as a promising motor rehabilitation technique, but critically there is 
lack of clarity or consensus on what mental practice treatment should entail. It is also not clear 
what are the most appropriate outcomes to measure imagery ability and cognitive or behav-
ioural change following mental practice. A further important issue that needs consideration 
as part of this research topic is dosage, as it is currently unclear how much mental practice is 
appropriate and whether this depends on patient variables such as age, cognitive functioning, 
motor function, or pathophysiology.
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This editorial accompanies 18 articles as part of a Frontiers research topic. The aim of this research
topic was to clarify the underlying mechanisms involved in mental practice of action, bringing
together evidence from a range of disciplines including cognitive neuroscience, experimental
neuropsychology, sport and movement science, clinical neuropsychology and clinical neurology.
The need to clarify the underlying mechanisms of mental practice is a pressing one. Mental practice
of action has been explored in sport psychology for several decades, with the aim to use mental
practice to improve sport performance. However, following the discovery of the mirror neuron
system (see for example, Rizzolatti and Craighero, 2004), the perspective of mental practice has
changed to a rationale based on neuroscience and to research focussed on understanding the
neural processes of mental practice. Evidence that the brain simulates action has resulted in a
common understanding of “functional equivalence” (Jeannerod, 1994): the idea that the mental
representation of an action or percept in the person’s mind is the neural “equivalent” to the physical
action or actual percept. This ability to mentally represent action using the motor system allows for
action simulation, providing consciousmental rehearsal of movement (imagery), but also allows for
a common percept when observing themovements of others. Finally, in recent years, the disciplines
of clinical neuropsychology and neurology have begun to use mental rehearsal of action, ormental
practice, to produce improvements normally attributed to practicing actual movements.

At the heart of all of the research is the idea that mental practice of action uses equivalent neural
processes to those used in action execution. Of course, there is debate on what one understands
to be “equivalent,” but the common reasoning seems to be that because mental practice (motor
imagery and action observation) is functionally or neurally equivalent to actual practice, the efficacy
principle of mental practice is that the motor areas are “trained,” perhaps through Hebbian learning
“firing-rewiring.” Although the scientific foundation of this idea of action simulation is very sound
in neuroimaging research (e.g., Sharma and Baron, 2013, this issue), the link to behavioral evidence
or efficacy is currently weak. The neural correlates of mental practice are just that: correlates and
do not justify inference about function, efficacy, or critical causality. There nevertheless seems to
be reluctance in the field to address the underlying mechanisms of mental practice efficacy. This
comes maybe as no surprise. A functional equivalence rationale for mental practice is intuitive and
appealing and will therefore attract interest and funding. It is hardly in the researchers’ interest to
potentially undermine the idea by getting to the bottom of the matter.

We are now 15 or maybe 20 years into mental practice efficacy research based on the neural
equivalence premise (Jackson et al., 2001). What is apparent is that the above simple interpretation
of equivalence is not reflected in emerging data. It seems that mental practice efficacy is much
more complex than simple Hebbian learning. There may be an analogy with the development of
our understanding of the supplementary motor area (SMA) over that same time period. Initially
SMA was thought of as a simple planning neural strip, but we have since understood the operation
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of SMA to be highly complex in the way it is involved in
inhibition. For example, in studies using fMRI, motor imagery
and action observation often do not activate the primary motor
cortex (M1) because the SMA is thought to supresses the M1
activity (presumably preventing the individual from actually
executing actions). The inherent role of inhibition in mental
practice and the complexity of efficacy mechanisms still require
further research. The popular notion that anything to do with
the mirror neuron system is a simple matter of equivalence, or
similarly that in applied contexts of mental practice equivalence
is the end of the conversation, needs to change. We now need to
go beyond what we are comfortable with and challenge what we
know, even if we risk undermining the last decades of research.

There are still a lot of things that we do not know about
the mechanisms of mental practice of action. What does
each part of the brain engaged in mental practice actually
do; how do processes relate to one another; what happens
when different areas in the network are damaged? There are
indications that insufficient drive to address the fundamentals
of mental practice is starting to become a real issue of
concern. The systematic review in this issue by Braun et al.
(2013) concludes that the clinical evidence for mental practice
efficacy in neuro-rehabilitation is weakening. The reasons for
this seems to be the lack of theory-driven interventions,
conceptual confusion (what does mental practice actually entail
in practice?) and general methodological malaise including
feasibility, dose, responders/non-responders, and adherence
issues in larger scale trials that are more representative of clinical
practice. Alternatively, when neuroscience evidence is carefully
implemented in theory-driven clinical evaluation of mental
practice, this may not translate to earlier reported clinical benefit
(Ietswaart et al., 2011). Indeed, Malouin et al. (2013) in this issue
highlight significant issues with the translation of experimental
findings into clinical practice. Malouin et al.’s critical review is
constructive, however, by suggesting ways in which the value
of mental practice can be redeemed by addressing underlying
mechanisms of mental practice efficacy. They conclude that the
field must now truly put the use of mental practice to the test.
Mental practice may indeed benefit the large number of stroke
patients in neuro-rehabilitation, but unless mental practice is
truly put to the test, this application may be superseded by other
clinical innovations, for example, robotic assisted therapy. The
field needs to deliver the necessary clarity on what exactly are
the “active ingredients” of mental practice; what are the things
that do not work and are mere distractions; which complexities
play a role. Only then can we formulate effective guidance on
what mental practice should actually entail in clinical practice.
In the meantime, mental practice therapy in neuro-rehabilitation
is already currently recommended treatment in many clinical
guidelines. This current positionmeans that we need to act fast in
order to understand the processes and benefits of mental practice
for clinical use. However, the current questionable guidance,
range of possible uses, lack of efficacy etc. will likely undermine
clinicians’ willingness to adopt the treatment in the forthcoming
years unless some clarity emerges.

Currently, much of the research effort goes to further
documenting the correlates of mental practice, i.e., the fact

that imagery and observation resonate with other motoric
processes. In that respect, a number of the studies reported
in this issue are exceptions to this rule in the way these
studies ambitiously delineate the mental practice process by for
example comparing the quasi-visual and the verbal-cognitive
element of mental practice efficacy (Saimpont et al., 2013,
this issue), or by contrasting the efficacy of different visual
perspectives in mental practice (Callow et al., 2013, this issue;
Yao et al., 2013, this issue), or by separating the impact of
active imagery and passive observation (Eaves et al., 2014,
this issue). It is an issue of concern, however, that such
experimental approaches are generally not pursued (nor funded)
as part of clinical evaluations, when now is the time to
establish the finer details of mental practice efficacy in clinical
contexts. We therefore advocate more high risk, high gain
evaluations of mental practice that can establish the real
impact of mental practice on the lives of real people in the
clinic.

Further to bringing clarity with regards to the underlying
mechanisms of mental practice, there is a real need to establish
the modes of delivery and dosage. Clinicians furthermore need
tools to make predictions of which patients will benefit and
from what types of mental practice treatment. Lack of clarity on
patient characteristics such as motor imagery ability can easily
lead to miss-use of current findings exposing a risk of clinicians
dismissing patients who they believe would not stand to benefit
from mental practice–based rehabilitation. It would be great
if we could say with some level of certainty whether a brain-
damaged patient has an intact ability to use and benefit from
mental practice therapies. Some authors would claim this can
be done either through subjective methods such as vividness
questionnaires, or through more objective methods such as
mental chronometry (Milner, 1986), or monitoring automatic
covert action simulation such as the cognitive hand mental
rotation task established by Parsons (1987), or the response of
the autonomic nervous system in mental practice as proposed
by Collet et al. (2013, this issue). There is pressure on the
research community to provide reliable measures of motor
imagery ability on which clinicians can base a decision whether
to provide a patient with mental practice rehabilitation. But
quite possibly we do not (yet) have reliable tools on which such
important decisions can be based. A study by de Vries et al.
(2013, this issue) documenting motor imagery ability in stroke
patients, showed that poor motor imagery ability as measured
by subjective vividness questionnaires was not associated with
poor performance also on objective imagery ability assessment. So
although vividness scores suggested the patients had poor motor
imagery, objective task performance in these stroke patients
suggested that motor imagery was in fact intact. This situation
could lead to the risk that clinicians when using only vividness
scores could dismiss patients as poor imagers and therefore
unable to benefit frommental practice-based rehabilitation, while
the patients’ imagery ability would be deemed intact if measured
in other ways. Although Lawrence et al. (2013, this issue) report
that high motor imagery vividness is associated with an increased
benefit of mental practice in novice gymnasts compared to
the lower performance gains in those with low motor imagery
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vividness, this relationship may not be a simple one suitable for
rehabilitation treatment decisions.

This research topic aimed to address confusion regarding
the concepts of imagery and observation which has hampered
the progression of mental practice research both scientifically
and in translation to clinical practice. Wondrusch and Schuster-
Amft (2013, this issue) remarkably point to the need to
address any confusion regarding mental practice even at a
therapeutic level. They advocate a good understanding of theory
and practice in recipients using mental practice rehabilitation
techniques by describing ways to teach stroke patients mental
practice. Other contributions in this issue broaden the concept
of mental practice in a number of ways, such as Howatson
et al.’s rationale for including the observation of one’s own
movements within the mental practice concept (Howatson
et al., 2013, this issue), Smith and Wakefield’s considerations
with regards to the timing rate of mental practice (Smith and
Wakefield, 2013, this issue), Kirsch et al.’s link between action
simulation and aesthetic experience (Kirsch et al., 2013, this
issue), Schack et al.’s novel theory of how mental practice
develops cognitive mental representation structures (Schack
et al., 2014, this issue), and importantly Vogt et al.’s meticulous
review of the evidence of why mental practice should encompass
both motor imagery and action observation (Vogt et al., 2013,
this issue).

Because neuroimaging studies provide strong evidence for
action simulation, but the link to behavioral change is perhaps
weak, we invited contributions to show that mental practice
efficacy might be driven by neuroplasticity processes evoked

by action simulation. The preliminary work by Olsson and
Lundstrom (2013, this issue) shows that successful action
anticipation, as a precursor of mental practice, appeared
associated with motor and temporal regions of the brain. Future
research needs to investigate evidence of the associations between
mental practice performance benefits and brain plasticity in the
motor network. It is possible that combination of techniques
is needed, including functional magnetic resonance imaging
(fMRI), diffusion tensor imaging (DTI), MEG, and EEG.

In conclusion, in an attempt to build on interdisciplinary
consensus on the nature and application of mental practice,
this research topic integrated perspectives from the full range
of the disciplines involved in mental practice research. It
furthermore intentionally did not seek to limit mental practice
to a narrow interpretation of conscious mental rehearsal of
movement or motor imagery, but instead advocates to include
imitation and action observation of self or others as an
interpretation of mental practice as Action Simulation Therapy
(AST). Such an interpretation of AST mental practice is justified
in light of the evidence for neural equivalence. What the
neuroscience of neural equivalence means for our understanding
of behavior, mechanisms, and applied efficacy of mental practice,
however, needs a much more sustained research effort devoid
of complacency and supported by high-risk-high-gain research
funding. With this shared and funded research drive it will be
possible to accelerate our understanding and agreement on the
core processes of mental practice, and therefore speed up the

translation of evidence-based benefit of applied use of mental
practice in sport and clinical practice.
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The purpose of this study was to compare the effect of training using internal imagery
(IMI; also known as kinesthetic imagery or first person imagery) with that of external
imagery (EMI; also known as third-person visual imagery) of strong muscle contractions
on voluntary muscle strengthening. Eighteen young, healthy subjects were randomly
assigned to one of three groups (6 in each group): internal motor imagery (IMI), external
motor imagery (EMI), or a no-practice control (CTRL) group. Training lasted for 6 weeks
(∼15 min/day, 5 days/week). The participants’ right arm elbow-flexion strength, muscle
electrical activity, and movement-related cortical potential (MRCP) were evaluated before
and after training. Only the IMI group showed significant strength gained (10.8%) while
the EMI (4.8%) and CTRL (−3.3%) groups did not. Only the IMI group showed a significant
elevation in MRCP on scalp locations over both the primary motor (M1) and supplementary
motor cortices (EMI group over M1 only) and this increase was significantly greater than
that of EMI and CTRL groups. These results suggest that training by IMI of forceful
muscle contractions was effective in improving voluntary muscle strength without physical
exercise. We suggest that the IMI training likely strengthened brain-to-muscle (BTM)
command that may have improved motor unit recruitment and activation, and led to
greater muscle output. Training by IMI of forceful muscle contractions may change
the activity level of cortical motor control network, which may translate into greater
descending command to the target muscle and increase its strength.

Keywords: motor imagery training, muscle strength, electroencephalography (EEG), movement-related cortical
potential (MRCP)

INTRODUCTION
Accumulating evidence suggests that mental training with-
out physical or muscle exercise can improve voluntary muscle
strength (Yue and Cole, 1992; Yue et al., 1996; Smith et al., 2003;
Zijdewind et al., 2003; Ranganathan et al., 2004; Sidaway and
Trzaska, 2005; Shackell and Standing, 2007). This finding could
have significant application in rehabilitation medicine (Jackson
et al., 2001) because numerous weak patients or frail older adults
who find it difficult or unsafe to participate in conventional
strength training (such as weightlifting) programs, may now be
able to strengthen their muscles by using their mind. It has
been shown that the main underlying mechanism for motor
imagery (MI) training-induced strength gains is by adaptations
occurring in the nervous system. For example, after 4 weeks of
mental training, the strength of the little finger abduction force
increased 22%; the augmentation accompanied an increase in
the electromyographic (EMG) signal of the finger abductor that
represented overall neural input to the muscle (Yue and Cole,
1992). In another study, two groups of volunteers had their lit-
tle finger of the left hand immobilized for 4 weeks during which
one group performed MI training of maximal voluntary con-
tractions (MVC) and the other [control (CTRL) group] did not.

After immobilization, both groups showed muscle atrophy but
strength reduction only occurred in the CTRL group. The MI
group maintained the strength with a significant increase in the
EMG signal despite muscle atrophy caused by immobilization
(Yue et al., 1996). In this case, the increase of neural (EMG) signal
appeared to compensate for strength loss due to the atrophy. More
recently, Ranganathan et al. (2004) demonstrated MI training-
induced strength gains in a finger and upper-arm muscle that
accompanied an elevation in the cortical signal directly related
to the execution of strength-production muscle contractions.
These observations support the hypothesis that the descend-
ing command from the brain to target muscle for MVC can be
strengthened by MI training alone, which in turn increases max-
imal muscle force by recruiting additional motor units and/or
increasing activation level of the participating motor units.

Despite finding of significant strength gains by MI training
in a majority of studies in this area, one investigation (Herbert
et al., 1998) did not reported similar results. In this study, no
significant strength gain specifically associated with MI training
was observed following an 8-week training program. The dis-
crepancy in the results between this (Herbert et al., 1998) and
other MI strength training studies could have been caused by
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different imagery procedures adopted by the investigators. There
are two common types of mental imagery—internal and exter-
nal imagery. In internal imagery (IMI; also known as kinesthetic
or first-person imagery), a person imagines or mentally creates
the feeling of performing the exercise from within the body (i.e.,
from a first-person perspective). For example, mental strength
training using internal imagery emphasizes that the subject gen-
erates a similar feeling as he/she felt during a physical MVC (e.g.,
Ranganathan et al., 2004; Sidaway and Trzaska, 2005). In exter-
nal imagery (EMI; also known as third-person visual imagery),
the person sees or visualizes performing the task from outside
the body—similar to watching oneself in a mirror performing
an exercise (i.e., from a third-person perspective). Performing
IMI generates significantly more physiological responses [such
as heart rate (HR), blood pressure (BP), and respiration rate]
compared to doing EMI (Ranganathan et al., 2004). Many stud-
ies (Mumford and Hall, 1985; Murphy, 1994; White and Hardy,
1995; Reed, 2002) have indicated that IMI is superior to EMI
for improving motor skills. Studies have reported that highly
skilled athletes predominantly use IMI to enhance their perfor-
mance (e.g., Roure et al., 1998). It is possible that participants
in the study of Herbert et al. (1998) adopted EMI procedure
for the mental training, which did not result in a significant
strength gain. For those studies that demonstrated significant
strength increases, the MI training procedure was clearly using
IMI (Yue and Cole, 1992; Yue et al., 1996; Smith et al., 2003;
Zijdewind et al., 2003; Ranganathan et al., 2004; Sidaway and
Trzaska, 2005; Shackell and Standing, 2007). However, no studies
have attempted to compare the effects of two (internal and exter-
nal) imagery training regimens on muscle strengthening. The
purpose of this study was to compare strength gains following the
two mental training programs: IMI and EMI.

METHODS
SUBJECTS
Eighteen right-handed young (18–35 years) and healthy volun-
teers were recruited and randomly assigned to three groups:
internal motor imagery (IMI), external motor imagery (EMI),
and no-practice CTRL groups. None of the subjects had partic-
ipated in any regular exercise program for at least a year prior
to the study. The training lasted for 6 weeks (15 min/day for
5 days/week). The Institutional Review Board at the Cleveland
Clinic approved the study and all participants gave their informed
consent prior to participation.

TRAINING PROTOCOL
Subjects in the IMI group imagined performing the task from a
first-person perspective, i.e., they visualized and feel as if they
were physically executing a maximal elbow-flexion contraction
(Ranganathan et al., 2004). During each trial, they were instructed
to imagine their forearm pushing maximally upward against the
force transducer that was used for the strength measurements
during the pre-training tests or against a heavy object. In other
words, they urged the elbow-flexor muscles to contract maximally
during each training trial. Some participants visualized putting
the forearm under a heavy table and then tried very hard men-
tally to lift the table. Subjects could see the stationary arm held

on the side of the body when imagining the contraction even
though many subjects performed the mental exercises with their
eyes closed. This same IMI protocol was found to significantly
elevate HR and BP in a prior study (Ranganathan et al., 2004).
Subjects in the EMI group viewed (in their mind) themselves per-
forming the elbow flexion task from a third-person perspective,
i.e., they watched themselves performing the task in their mind
without a strong intent to make the contraction. In each 15-min
training session, subjects performed 30 training trials, ∼15-s per
trial followed by a 15-s rest. EMG signals from the two elbow
flexor muscles, biceps brachii, and brachioradialis that are acces-
sible from skin surface were viewed in every trial and session and
recorded randomly in some trials and sessions to monitor activity
level of the target muscles. On average, the EMG amplitude dur-
ing the IMI and EMI training was less than 2% EMG for the MVC
performed during the pre-training strength test (see below) and
did not differ between the two training groups.

FORCE (STRENGTH) MEASUREMENT
Right arm elbow flexion force was measured by a force trans-
ducer (JR3 Universal Force-Moment Sensor System, Woodland,
CA) with subjects seated, their right hand placed in a wrist cuff,
forearm in a neutral position and an elbow joint angle of ∼ 100◦
(Ranganathan et al., 2004). The elbow was supported at hip height
and the shoulders and torso were kept in position using restraints.
Three elbow flexion MVC trials were performed in each measure-
ment session and the highest force among the trials was analyzed.
For each trial, participants were verbally encouraged to exert max-
imal force. Strength measurements were made before and after
the 6-week training period. The strength measurement condi-
tions (arm and body positions), and joint angles were carefully
measured each time and maintained over the sessions. In addi-
tion, the verbal instruction and encouragement for maximal force
production were the same for all measurement sessions. The force
data was digitized at 100 samples/s using a data acquisition sys-
tem (Micro 1401, Cambridge Electronic Design, Ltd., Cambridge,
UK) and recorded on hard drive of a personal computer (PC).

EMG MEASUREMENT
Surface EMG was recorded during the elbow-flexion MVC force
measurement trials using bipolar surface electrodes (Ag-AgCl,
In Vivo Metric, Healdsburg, CA; 8-mm recording diameter and
2 cm apart of the two electrodes) from the belly of the biceps
brachii (BB) and triceps brachii (TB) muscles. A reference elec-
trode was placed on the skin overlying the lateral epicondyle
near the elbow joint. Average BB EMG during a period when
the MVC force was stable in each trial was calculated and the
trial that yielded the highest average EMG was analyzed. The
TB EMG during the elbow flexion MVCs was normalized to
the TB EMG recorded during the elbow extension MVC and
was a measure of the antagonist (TB) muscle activity during
strength performance of the agonist (elbow flexor) muscle group.
The EMG signal was amplified (× 1000) and band-pass filtered
(3 Hz–1 KHz) using a Neurodata Amplifier system (Model 15A54,
Grass Instrument Co., Quincy, MA), digitized (2000 samples/s)
using the Micro-1401 system, and recorded on hard drive of
the PC.
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EEG AND MRCP MEASUREMENT
EEG electrodes were placed on the scalp roughly overlying the
supplementary motor area (Cz), contralateral (C3) and ipsi-
lateral (C4) sensorimotor regions, and central location of the
frontal lobe (Fz). Electrode locations were determined based on
the International 10–20 System (Jasper, 1958). Conducting gel
(Electro-gel™, Electro-Cap International, Inc., Eaton, OH) was
injected into each electrode to connect the recording surface
of the electrode with the scalp. Impedance between each elec-
trode and the skin was maintained below 5000 � (at 30 Hz).
The EEG signal was amplified (× 20,000) and band-pass filtered
(0.1–100 Hz) by the Neurodata Amplifier system, digitized (500
samples/s) using the Micro-1401 system, and stored on hard disk
of the PC.

In each measurement session, the EEG recording was
made after the strength and associated EMG data collection.
Participants performed 30-elbow flexion MVCs (once every 20 s)
during the EEG recording. The purpose of performing multiple
MVC trials was to obtain triggered averaging of the MVC-related
cortical potential (MRCP) with improved signal-to-noise ratio.
Raw EEG data were visually examined, and trials with artifacts
(such as eye blinks) were excluded. For each EEG-MVC trial, a
4-s window of the EEG was triggered by the force output (thresh-
old = 5% initial MVC force), 2 s before and 2 s after the trigger
(Siemionow et al., 2000; Fang et al., 2001). The triggered averag-
ing (over the 30 trials) was performed by Spike 2 data analysis
software (Cambridge Electronic Design, Ltd., Cambridge, UK)
associated with the Micro-1401 system. The amplitude of each
averaged MRCP was measured from the baseline to the peak of
the negative potential (to view the shape of MRCP and its mea-
surement, see Figures in: Siemionow et al., 2000; Yue et al., 2000;
Fang et al., 2001). Because the MRCP was time-locked to each
MVC, it was considered directly related to the planning and exe-
cution of the MVC. It has also been shown that there is a direct
linear relation between force strength, EMG signals during volun-
tary muscle activation, and the amplitude of MRCP (Siemionow
et al., 2000). Thus, increases in MRCP amplitude after training
can be considered a direct indication of an enhancement in the
descending command to the target muscle (Ranganathan et al.,
2004).

STATISTICAL ANALYSIS
One-Way analysis of variance (ANOVA) was used to test for group
difference at baseline for all outcomes. For all analyzes, group
(IMI, EMI, and CTRL) was chosen as the independent variable
and percentage MVC, EMG, and MRCP changes from base-
line as the dependent variables. The choice of using percentage
change was made to adjust for inter-individual baseline differ-
ence. Within group comparison was first performed to test for
significant percentage change using one group student t-test com-
parison. Then ANOVA was used to test for overall between group
comparisons (equivalent to a group by time interaction) followed
by post-hoc analyzes to perform pair-wise group comparison.
Given the pilot nature of the study, to avoid Type II error sig-
nificance levels are first presented without correcting for multiple
comparisons. Implication of performing significance level adjust-
ment using the conservative Sidak method is then presented and

its implication discussed. Given the small sample size and thus,
potential strong influence of small deviation from normality, sen-
sitivity analysis was also performed by running non-parametric
Kruskal-Wallis and Wilcoxon tests for overall and pair-wise group
comparisons.

The level of significance was set at 0.05 for all statistical ana-
lyzes. Results are given as mean ± SE. All analyzes were conducted
using IBM SPSS version 21 and Excel for simple t-test.

RESULTS
BASELINE COMPARISON
No significant between group differences were found for strength
[F(2, 15) = 1.6, p = 0.23], and BB [F(2, 15) = 1.22, p = 0.33] and
TB [F(2, 15) = 0.86, p = 0.44] EMG.

CHANGES IN STRENGTH AFTER TRAINING
The IMI group had significant strength gains [mean ± SE, 10.8 ±
2.7%, t(1, 5) = 4.06, P = 0.01] after the 6-week training while the
change in strength in the EMI group after training was not sig-
nificant [4.8 ± 4.3%, t(1, 5) = 1.13, P = 0.31; Figure 1. Subjects
in the CTRL group who did not perform training of either kind,
had no strength gain [−3.3 ± 2.61%, t(1, 5) = 1.25, P = 0.27].
Using ANOVA, a significant group effect was found on the per-
centage change in strength, F(2, 15) = 4.66, P = 0.03. Compared
to control, post-hoc tests reveal the improvement for IMI to be sig-
nificant compared to control, t(1, 15) = 3.04, P = 0.008 while for
EMI the improvement was only marginal compared to control,
t(1, 15) = 1.75, P = 0.10. Group difference between EMI and IMI
was not significant, t(1, 15) = 1.29, P = 0.22.

Furthermore, all participants in the IMI group (compared
to only 50% in the EMI group) showed clinically meaningful
strength gains (defined as being of medium effect size based on
Cohen’s d definition i.e., percentage change greater than half the
overall standard deviation which is equal to 9.6%). The between
group difference in the percentage of participants who improved
were close to significance (P = 0.09 using Fisher’s exact test). The
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FIGURE 1 | Pre- to post-training percentage change in strength values
for all three groups. Only the IMI group had a significant strength gain
after training which was significantly greater than Control. EMI shows only
marginal greater strength gain compared to Control. †P < 0.1, ∗P < 0.05,
∗∗P < 0.01.
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strength results suggest that the IMI training can significantly
improve maximal elbow flexor muscle force from baseline but the
EMI training cannot.

CHANGES IN BB AND TB EMG
Along with increases in strength, muscle electrical activity (EMG)
of the BB muscle increased by 38 ± 26% for the IMI group
and by 27 ± 19% for the EMI group but due to the huge
variation in EMG values across subjects (standard deviation
of 65 and 47%, respectively), these increases were not signif-
icant [t(5) = 1.43, p = 0.21 and t(5) = 1.42, p = 0.22, respec-
tively] (Figure 2A). The normalized TB EMG did not change
significantly either with an increase of 6 ± 11% for IMI (p =
0.58) and decrease of 17 ± 15% for EMI (p = 0.28) (Figure 2B).
The CTRL group had minimal changes in EMG before and
after the training period (Figure 2). Similarly ANOVA showed
no overall group effect for both percentage change in BB
EMG [F(2, 15) = 1.22, P = 0.32] and TB EMG [F(2, 15) = 1.21,
P = 0.33].

CHANGES IN MVC-RELATED CORTICAL POTENTIAL (MRCP)
Subjects in the IMI, EMI, and CTRL groups performed 30
MVC trials before and after training, and MRCP was derived by
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FIGURE 2 | Pre- to post-training percentage change in the biceps
brachii (BB) average EMG (A) and normalized triceps brachii (TB) EMG
(B) for IMI, EMI, and CTRL groups. The TB EMG during elbow flexion
MVC was normalized to TB EMG during elbow extension MVC. The
apparent BB EMG increases for the IMI and EMI training (upper panel)
were not significant due to large data variations.

triggered-averaging of the EEG data associated with the MVCs.
Figure 3 shows MRCP percentage change for both the Cz and C3
locations. The baseline-to-peak MRCP value at Cz and C3 elec-
trode locations significantly increased by 22 ± 5% [t(5) = 4.48,
P = 0.007] and 20 ± 6% [t(5) = 3.34, P = 0.02], respectively for
the IMI group, and 2.6 ± 9% [t(5) = 0.29, P = 0.79] and 5.4 ±
1.2% [t(5) = 4.41, P = 0.007] for EMI while the no-practice
CTRL groups did not have any significant changes [−6.2 ± 5.6%,
t(5) = 1.11, P = 0.32 and −2.1 ± 4.0%, t(5) = 0.53, P = 0.62].
Note that even though C3 MRCP changes for EMI were statis-
tical significant, this was mainly the result of an unusual small
variation in the data (std = 3.0). The amplitude increase (2.6%)
was comparatively smaller than EMI (22%) and thus, could be
considered marginal. A significant group effect for both the Cz
and C3 locations was found by running ANOVA on the per-
centage MRCP changes [F(2, 15) = 4.59, P = 0.03 and F = 7.01,
P = 0.01, respectively]. Post-hoc analyzes revealed that MRCP
increases for IMI were significantly greater than CTRL for Cz
[t(1, 15) = 2.96, P = 0.01] and C3 [t(1, 15) = 3.69, P = 0.002]
and significantly greater than EMI for C3 [t(1, 15) = 2.41, P =
0.03] and marginally so for Cz [t(1, 15) = 2.04, P = 0.06]. No
difference existed between EMI and CTRL [t(1, 15) = 2, P = 0.37
for Cz and t(1, 15) = 2, P = 0.53 for C3].
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FIGURE 3 | Pre- to post-training percentage change in MRCP amplitude
at Cz (roughly over the supplementary motor area) (A) and C3 (roughly
over the contralateral sensory motor area) (B) locations. The IMI group
had a significant increase in the MRCP amplitude at Cz and C3 and EMI at
C3 only while no significant change was observed for CTRL groups did not.
MRCP increases for IMI were significantly greater than control for Cz and
C3 and greater than EMI for C3 and marginally so for Cz. EMI increases
compared to Control were not significant. †P < 0.1, ∗P < 0.05, ∗∗P < 0.01.
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The slope or rate of force production during the MVC per-
formance (for MRCP measurement) was similar before vs. after
training and between groups; this ensured that the difference seen
in MRCP amplitude between the groups was not caused by a
discrepancy in the rate of force development (Siemionow et al.,
2000).

CORRECTION FOR MULTIPLE COMPARISONS AND SENSITIVITY
ANALYSIS USING NON-PARAMETRIC TESTS
When performing significance level adjustment to post-hoc ana-
lyzes using the conservative Sidak method, results remained sig-
nificant for all outcomes except for IMI within group change for
Cz MRCP which became borderline significant (P = 0.06) and
between group changes for IMI vs. EMI C3 MRCP which became
non-significant (P = 0.11).

The non-parametric Kruskal-Wallis and Wilcoxon tests for
overall and pair-wise group comparisons showed a similar pat-
tern of significance than ANOVA and t-test providing confidence
that results are not the product of statistical or data distribution
anomalies.

DISCUSSION
The primary finding of this study was that training involving
internal mental imagery of strong muscle contractions signifi-
cantly improved voluntary muscle strength but external mental
imagery of the same motor task did not yield such strength
increase. The strength augmentation in the IMI group was accom-
panied by a significant elevation in the level of brain activation
(MRCP) compared to the baseline and MRCP change experi-
enced by the EMI group. It is worth noting that EMG signals
from the major elbow flexor muscle was monitored during every
training session and the muscle activity remained well below 2%
maximal contraction level and no difference was found in the
EMG activity level during the training between the two groups.

Our findings indicate that the central nervous system reacts
to IMI and EMI training differently. While both methods require
the subject’s attention (with negligible physical activity), MRCP
results suggest that the IMI activates motor cortical areas [perhaps
somatosensory areas (SMA) and M1] more than external imagery,
probably because the cortical centers try to recreate the kines-
thetic feeling and generate a strong command during the imagery.
We suggest that this process might reinforce the neural circuitry
and send stronger signals to the target muscle. This hypothesis
of differential mode of action between IMI and EMI seems to be
supported by recent imaging studies. Similarly to our findings, it
has been found that IMI more greatly implicates motor related
areas such as cerebellum, SMA, dorsal premotor cortex, and cin-
gulated motor area than EMI does (Ruby and Decety, 2001; Naito
et al., 2002; Malouin et al., 2004). Furthermore, IMI shows greater
activation in the parietal and more specifically the inferoparietal
cortex (Ruby and Decety, 2001; Naito et al., 2002; Malouin et al.,
2004), areas known to be implicated in the sensory-visual rep-
resentation and preparation of movement (Fogassi and Luppino,
2005), and thus, more likely to be involved in the IMI process
than EMI where there was no intention to create movement.
Our findings and that of others indicate that IMI more greatly
activates motor regions involved in the planning and execution

of movement than EMI, providing potential neural mechanisms
underlying strength gains observed only in IMI.

The strength improvements accompanied an increase in time-
locked cortical potential. This finding suggests that repetitive
strong intention to maximally activate the elbow flexors trained
and enabled the relevant brain regions to generate stronger sig-
nals to muscle. The relatively consistent MRCP values in the
CTRL group (Figure 3; no significant percentage changes) before
and after training suggests that the MRCP measurement is reli-
able even across many sessions and a long period of time as
found in our prior study (Ranganathan et al., 2004). Previous
research (Dettmers et al., 1995; Siemionow et al., 2000; Dai
et al., 2001) has shown a proportional relationship between mag-
nitude of brain-to-muscle signal and voluntary muscle force
by young human subjects, indicating that greater strength is a
consequence of stronger brain activity. A descending command
could recruit the motor units that were otherwise inactive in an
untrained state and/or drive the active motor units to higher
intensity (higher discharge rate), leading to greater muscle force.
Alternatively, the trained control network may be able to more
effectively remove or reduce inhibitory input to the motoneuron
pool of the muscles, resulting in a net increase in motoneuron
output. Training-induced neural adaptations may also include
improvements in muscle coordination, such as reductions in the
activity of the antagonist muscles when performing the agonist
muscle MVC (Carolan and Cafarelli, 1992). However, our EMG
result from the TB muscle, antagonist of the elbow flexors did
not change after training, indicating that the antagonist mus-
cle did not play a significant role in the elbow flexion strength
gain.

The sample size of this pilot study was small (6 in each group).
Nevertheless, the consistent results obtained using parametric
and non-parametric methods as well as contingency analysis on
the percentage of participants who improved force strength pro-
vide sufficient confidence on the results obtained in this pilot
study. Future studies with larger sample size would need to repli-
cate this study to confirm the results and in particular demon-
strate statistical significance between IMI and EMI. There was
no objective method to monitor cortical activities during inter-
nal and EMI performances. Identifying an accurate and reliable
brain signal that can be monitored online would not only enable
the performer to more correctly carry out a given imagery task,
but the signal may also be used for other purposes such as con-
trolling an assistive device for rehabilitation via brain-computer
or brain-machine interface. Given the non-local nature of EEG
signals, the contribution of far-field effect to the results observed
at C3 and Cz cannot be ruled out. High density EEG data will be
needed to confirm that the observed activity changes come indeed
from the supplementary and sensorimotor regions. Furthermore,
the possibility of doing mapping and source localization of corti-
cal potentials with high density EEG recording could also provide
more information about the differences and mechanisms under-
lying various imagery training approaches. Adoption of func-
tional imaging such as fMRI or PET during imagery exercise may
provide additional information regarding location and activation
level in the brain while performing internal imagery vs. external
imagery tasks. Further research in this area is needed to overcome
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these limitations and better understand the differences in imagery
perspectives and effect of various imagery training programs on
strength and motor skill gains.

This study is the first to directly compare efficacies by IMI
and EMI training regimes on muscle strength. Knowing that
the IMI training is superior to EMI in gaining strength from
baseline and generate greater descending command, the informa-
tion is valuable to potentially provide guidance in implementing
mental imagery training in clinical or sport environment. The
findings have clinical importance to potentially adopt IMI train-
ing as a therapy to treat weakness in frail patients and older

adults without undergoing intimidating conventional strength
training.
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We report three experiments investigating the hypothesis that use of internal visual
imagery (IVI) would be superior to external visual imagery (EVI) for the performance of
different slalom-based motor tasks. In Experiment 1, three groups of participants (IVI, EVI,
and a control group) performed a driving-simulation slalom task. The IVI group achieved
significantly quicker lap times than EVI and the control group. In Experiment 2, participants
performed a downhill running slalom task under both IVI and EVI conditions. Performance
was again quickest in the IVI compared to EVI condition, with no differences in accuracy.
Experiment 3 used the same group design as Experiment 1, but with participants
performing a downhill ski-slalom task. Results revealed the IVI group to be significantly
more accurate than the control group, with no significant differences in time taken to
complete the task. These results support the beneficial effects of IVI for slalom-based
tasks, and significantly advances our knowledge related to the differential effects of visual
imagery perspectives on motor performance.

Keywords: mental practice, kinesthetic imagery, imagery ability, VMIQ-2, speed-accuracy tradeoff

INTRODUCTION
Research examining the effects of imagery on the acquisition
and execution of motor performance has delineated imagery into
modalities and perspectives. This delineation includes visual and
kinesthetic sensory modalities (e.g., Hardy and Callow, 1999;
Fourkas et al., 2006; Guillot et al., 2009), with the visual modal-
ity being further separated into two visual imagery perspectives.
These two perspectives are: internal visual imagery perspective
(IVI: where the imaginer is looking out through his or her own
eyes while performing the action) and external visual imagery
perspective (EVI: where the imaginer is watching him or herself
performing the action from an observer’s position; as if watching
him or herself on television). Refer to Callow and Roberts (2012)
for further detail surrounding visual imagery perspective concep-
tualization. The kinesthetic imagery modality is defined as how it
feels to perform an action, and includes aspects such as the force
and effort involved in movement (Callow and Waters, 2005).

Early research exploring the effect of internal and external
visual imagery produced equivocal results. For example, Mahoney
and Avener (1977) revealed that successful qualifiers for the U.S.
Olympic gymnastics team used internal imagery more than non-
qualifiers. However, in contrast to this, Ungerleider and Golding
(1991) found that successful U.S. track and field athletes used
more external imagery than non-successful athletes. In addi-
tion, some experimental studies (e.g., Epstein, 1980) found no
differences between imagery perspectives and their effects on per-
formance. Three possible explanations have been provided for
these inconsistent results: (a) that specific visual imagery perspec-
tives produce greater performance gains for certain motor tasks

than for others (e.g., Highlen and Bennett, 1979; Hardy, 1997),
(b) that previous conceptualizations of internal imagery (such as
that used by Epstein and Mahoney and Avener) have confounded
internal visual imagery with kinesthetic imagery (cf. Hardy and
Callow, 1999), and (c) that it has been incorrectly assumed that
kinesthetic imagery can only be experienced with an internal per-
spective or is easier to use with an internal perspective (cf. White
and Hardy, 1995; Taktek, 2012).

Hardy and associates (White and Hardy, 1995; Hardy, 1997;
Hardy and Callow, 1999) examined the task specificity explana-
tion (part “a” above), and offered two hypotheses to explain the
effects of different visual imagery perspectives on different motor
tasks. In the first (EVI) hypothesis, they posited that EVI would
be superior to IVI for tasks that require positioning the body rela-
tive to itself, such as tasks relying heavily on the use of “form.” To
test this hypothesis, White and Hardy (1995) examined the per-
formance of a simulated rhythmic gymnastics routine following
the use of either EVI or IVI. Results revealed that the EVI group
made fewer accuracy errors in performance than the IVI group.
Hardy and Callow (1999) confirmed this finding with a series of
three ecologically valid tasks relying heavily upon the use of form
for their successful completion. In all three tasks, (i.e., a karate
kata task, a gymnastics floor routine, and a technical rock climb-
ing task), the use of EVI was found to have a superior influence
on performance compared to the use of IVI. Taken together these
results provide support for Hardy’s (1997) cognitive explanation
for the EVI hypothesis. Specifically, Hardy suggested that imagery
exerts a beneficial effect on performance only to the extent that
the images generated supplement the information that is already
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available to the performer. Thus, for tasks relying heavily upon
the use of form, EVI may be more useful than IVI because EVI
would allow a performer to see the desired form associated with
the correct movement.

In the second (IVI) hypothesis, Hardy and associates suggested
that IVI would be superior to EVI for tasks that require posi-
tioning the body in relation to other external visual features,
such as in slalom-based tasks where a performer has to follow a
“line” through or around a set course (e.g., downhill slalom ski-
ing), with the cognitive explanation (Hardy, 1997) that IVI may
allow a performer to see the precise temporal and spatial locations
where key movements need to be initiated (e.g., changing direc-
tion or “braking”) from the actual viewing angle of the motor
action in relation to external visual information. Thus, the tem-
poral and spatial locations would be identified with reference to
the performer’s position on the actual line being taken, which
would afford critical visuomotor information that would not be
available or useful when using EVI.

To test the second hypothesis, White and Hardy (1995) used a
wheelchair slalom task that required the participant to maneuver
themselves through a set course of gates. The results showed that
after initial practice on an acquisition course, participants using
IVI completed a transfer trial with significantly fewer accuracy
errors than participants using EVI. Therefore, use of IVI com-
pared to EVI led to a more accurate performance, explained by
participants being able to rehearse the responses required at each
gate. However, the results also showed that EVI improved the
speed at which the task was performed compared to IVI. White
and Hardy suggested that these performance gains occurs because
EVI allows participants to compare themselves with their own
imagery, thereby enhancing their competitive drive. Following
this line of reasoning, as IVI does not afford the comparison to
the same extent as EVI, the motivation function is perhaps less
evident for IVI. White and Hardy further discussed these findings
in terms of a speed accuracy trade off across imagery perspectives,
where IVI caused slow, but accurate performance and EVI caused
a fast, but inaccurate performance.

More recently, a number of neuroimaging studies have shown
differences in neural activity dependent on the imagery perspec-
tive taken (e.g., Ruby and Decety, 2001; Fourkas et al., 2006; Lorey
et al., 2009). These neural differences have then been used to
explain the differential effects of imagery perspectives on perfor-
mance, via the notion of functional equivalence (e.g., Jeannerod,
1994, 2001; Hanakawa et al., 2008). That is, the more simi-
lar (functionally equivalent) the imagery of performance and
the actual performance is, the more effective the imagery is at
moderating performance (cf. Holmes and Collins, 2001; Smith
et al., 2008; Wakefield et al., 2013). However, the conceptualiza-
tion of imagery perspectives used in the neuroimaging studies
differ markedly to both our conceptualizations of IVI and EVI,
and the current received view in the sport psychology literature
(e.g., Cumming and Ramsey, 2008; Moran, 2009; Tobin and Hall,
2012). For example, neuroscientific conceptualizations of internal
imagery confound visual and kinesthetic modalities (e.g., Ruby
and Decety, 2001; Lorey et al., 2009), and external imagery is usu-
ally of someone else (e.g., Ruby and Decety, 2001; Fourkas et al.,
2006; Lorey et al., 2009). While several other fMRI (e.g., Guillot

et al., 2009) and psychophysiological studies (e.g., Guillot et al.,
2004) are clear to make distinctions between imagery modalities
(i.e., visual and kinesthetic), these studies do not examine visual
perspective differences. Consequently, a precise understanding of
what neural areas are involved in internal visual imagery and
external visual imagery is not known, and, thus the current
neuroscientific research cannot be used to precisely explain the
differential effects of visual imagery perspectives on performance.
Having said this, we might assume similar neural functional
equivalence between the specific visual imagery perspectives and
the different tasks, with a slalom-based task being particularly
moderated by internal visual imagery, or a form-based task being
particularly moderated by external visual imagery (i.e., demon-
strating specific functional equivalence; cf. Callow and Roberts,
2010).

The imagery perspective behavioral research literature already
supports Hardy and associates EVI hypothesis, but support for
the IVI hypothesis is not yet conclusive. In the present research
we examined the IVI hypothesis by exploring the effects of IVI
and EVI on three different slalom tasks; a driving-simulation
slalom task in Experiment 1, a downhill slalom running task in
Experiment 2, and a downhill ski-slalom task in Experiment 3.
Although these tasks differ in their specific requirements, they
all require a performer to follow a “line” through or around a
set course in order to gain a fast performance time. We therefore
suggest that IVI would be expected to be particularly beneficial in
moderating performance for these tasks.

EXPERIMENT 1: DRIVING-SIMULATION SLALOM TASK
METHODS
Participants
A sample of 45 male participants was recruited (M age 21.35 =
years SD = 3.12). The participants were all right-handed and had
normal or corrected-to-normal vision. All participants held a UK
driving licence for a minimum of 1 year, but reported that they
had never played the specified driving game used in the experi-
ment, and played computer games on average less than once per
week in the preceding 6 months. All participants provided written
informed consent, and ethical approval for the experiment was
granted by the School’s Ethics Board.

Experimental apparatus and task
The driving-simulation slalom task was undertaken in a purpose-
built driving simulator, incorporating a rally car seat, a force
feedback steering wheel (which could be turned ±900◦ to keep
the car on the circuit), 6-speed gear shifter and pedals. The driv-
ing simulator was connected to a 22 inch LCD monitor displaying
the Gran Turismo 5 Prologue game (Codemaster, Warwickshire).
In a training phase of the experiment, the track used was the
Suzuka Circuit, which was 3.61 miles long and consisted of 20
bends (nine left and 11 right). In the experimental phase, the cho-
sen track was the Eiger Nordward circuit, which is 1.51 miles long
and consists of 11 bends (five left and six right). In both phases,
the circuits were driven as a time trial in dry, daylight conditions,
with a Citroen C4 2.0 VTS Coupe’05 as the test car. The virtual
reality display presented the driver’s view out through the front
window of the car as if actually driving the car.
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Experimental phases
In order to train the participants to use the apparatus for the
experimental phase, participants completed a 90-min training
phase period where they had to achieve two criteria (derived from
pilot testing). This included the completion of three consecutive
laps under 170 s and a plateau in performance, where the last
three lap times fell within 5 s of each other (cf. Wilson et al.,
2007). If participants achieved the criteria, they then proceeded to
the experimental phase. In the experimental phase, participants
completed a total of 15 laps (five practice, five pre-imagery, five
post-imagery) of the simulated rally driving circuit, with average
lap time at pre and post-imagery condition used as the measure of
change in performance. The participants were randomly assigned
to one of three groups; internal visual imagery (IVI), external
visual imagery (EVI), or maths-control. Following practice and
pre-imagery performance measures, participants in the imagery
groups were given an imagery script pertaining to the imagery
group to which they were allocated. The IVI script detailed the
task from a first person visual perspective, requiring the partic-
ipants to image the task through their own eyes. The EVI script
detailed the task from the perspective of a third person visual per-
spective, requiring the participants to see themselves performing
the task. All scripts were developed using Lang’s (1984) guide-
lines for including stimulus, response and meaning propositions
into the script, and pilot tested (and amended based on feedback)
prior to data collection. In order to maintain experimental con-
trol, the scripts were developed by the authors. However, there
was flexibility in the scripts (e.g., participants in the IVI group
were asked to imagine their view change as they turned a corner).
This flexibility allows participants to develop their own images,
thus providing a degree of individualization, and consequently
the images being meaningful for the participants (cf. Wilson et al.,
2010). The scripts took ∼120 s to administer. Example excerpts
from the scripts are as follows:

(Example 1, IVI.) Crossing the start line, you see the long
straight in front of the car. Notice as the front of the car is going
downhill slightly; it is traveling over a couple of horizons. As
you approach the S-shape bend head, you see the line you want
to take. As the car approaches the bend, you break to take the
perfect line, turning first to your right and then quickly to your
left, staying close to the bend, and accelerating after the bend.
(Example 2, EVI.) As the car crosses the start line, see the long
straight in front of it. Notice that the car is going downhill
slightly and is traveling over a couple of little horizons. As you
see the car approach the S-shape bend ahead, you see the line you
want it to take. As the car approaches the bend, you see yourself
allowing the car to break to take the perfect line, seeing yourself
turn the wheel first to your right and then to your left, staying
close to the bend, and accelerating after the bend.

In the control condition, participants were required to answer
standard arithmetic questions (e.g., 14 + 4 + 6). This type of
active control group has been demonstrated to prevent the use
of imagery during the experiment, but does not interfere with
performance on the dependent variable (cf. Driskell et al., 1994;
Callow and Hardy, 2005).

Measures
Time-taken to complete each lap was measured automatically (in
seconds) by the Gran Turismo 5 Prologue software, and recorded
by the experimenter. Note that the line of driving moderated the
time, with cutting corners reducing the time compared to driv-
ing in the center of the road, but with collisions with curbs, or
driving on the grass adding to the time. In order to determine par-
ticipants’ imagery ability, all participants completed the Vividness
of Movement Imagery Questionnaire-2 (VMIQ-2: Roberts et al.,
2008). The VMIQ-2 has demonstrated acceptable factorial valid-
ity, construct validity and concurrent validity (see Roberts et al.,
2008). The VMIQ-2 comprises 12 items that assess the ability
to image a variety of movements. Participants are required to
image each item using IVI, EVI, and kinesthetic (Kin) imagery,
and rate the vividness of the image produced on a five-point
Likert scale from 1 (perfectly clear and vivid) to 5 (no image at
all). Cronbach’s alphas for the current study were 0.86 (EVI), 0.90
(IVI), and 0.84 (Kin). A manipulation/social validation question-
naire was also administered. The first question, asked all partic-
ipants whether they had been able to adhere to the treatment
group. The remaining questions were only given to participants
in the two visual imagery groups, and they were asked whether
they had experienced any switching of visual imagery perspectives
during the task, and whether they had experienced any kines-
thetic imagery during their use of visual imagery. An 11-point
Likert scale ranging from 0 (not at all) to 10 (very much so) was
employed.

PROCEDURE
One week prior to the commencement of the experiment, par-
ticipants completed the VMIQ-2. All participants achieved a
criterion of equal to or less than 36 on each of the VMIQ-2 sub-
scales, indicating that their imagery ability was at least moderately
clear and vivid. Participants attended the laboratory individually
and were instructed that the purpose of the experiment was to
examine driving ability under different conditions. The experi-
menter read standardized instructions detailing the training and
experimental phases to the participants. Participants then com-
pleted the 90 min training phase, and all participants achieved the
criterion level. On completion of the training phase, participants
were given a 15 min break before commencing the experimental
phase. The experimenter read standardized instructions explain-
ing that they were to complete a number of trials as fast as they
could; five practice trials, then five pre-imagery test trials and
then five post-imagery test trials1. Before each of the post-imagery
test trials, participants in the IVI and EVI groups listened to a
recording of the imagery script detailing the driving task from
the visual imagery perspective to which they were assigned, and
were asked to use the imagery prior to performing each of the
trials. Participants in the control group solved 10 maths ques-
tions prior to each post-test trial, as pilot testing had revealed
that the calculation of 10 maths questions equated to the average
time taken to complete the imagery scripts. Upon completion of
each post-imagery test trial, participants rated the extent to which
they drove as fast as they possibly could on an 11 point Likert

1Standardized instructions can be obtained from the first author.
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scale from 0 (not at all) to 10 (very much so), with the intent
that any participant who scored less than 5 would be asked to
repeat the trial. In the event, no participants scored less than 5 for
any trial. At the end of the post-imagery test trials, participants
completed the manipulation/social validation questionnaire. On
completion of the questionnaire, the participants were de-briefed
as to the nature of the experiment and thanked for their
participation.

RESULTS
Preliminary analyses
All participants reported on the manipulation/social validation
questionnaire that they were able to adhere to their allocated
groups with minimum reported switching of perspectives in
either of the imagery groups (i.e., a score of less than 3 was
used at the cut-off criteria indicated that participants rarely, if
at all, switched between IVI and EVI when they were only sup-
posed to be using one perspective). Therefore, no participants
were removed from the analysis. Participants in the IVI and EVI
groups reported some experience of kinesthetic imagery during
their visual imagery (see Table 1 for descriptive results), although
there was no significant difference between the imagery groups
in terms of their kinesthetic imagery experience (p = 1, d = 0).
Analysis of the VMIQ-2 data (using a bonferroni adjusted α of
0.017) revealed no differences between the different participant
groups for IVI imagery ability F(2, 42) = 0.42, p = 0.66, η2 =
0.02 1-β = 0.11, and kinesthetic imagery ability F(2, 42) = 1.32,
p = 0.28, η2 = 0.01 1-β = 0.27. However, for EVI imagery abil-
ity, there was a significant difference between the groups F(2, 42) =
7.48, p = 0.002, η2 = 0.26 1-β = 0.93, with the EVI group show-
ing significantly better EVI ability than the IVI group (p = 0.003,
d = 1.66) and the control group (p = 0.009, d = 1.45).

Performance score (time-taken)
A mixed-model (group × test) ANOVA was employed to anal-
yse the average lap-time at pre and post-test. Box’s M test for
homogeneity of dispersion matrices was significant. Data trans-
formations failed to rectify this problem. However, Stevens (2002)
states that if Box’s M test is significant with approximately equal
numbers in each group, the Type I error rate will only be slightly
affected, whereas power will be weakened. Thus, it remains rela-
tively safe to interpret significant effects, because they are robust
enough to show significance despite the low power. Consequently,
the results from the analysis on the raw (non transformed) data
are reported here. The analyses revealed no significant main
effect for group, F(2, 42) = 0.23, p = 0.80, η2 = 0.01 1-β = 0.08,

Table 1 | Kinesthetic experience and lap-time (seconds) at pre-test

and post-test in Experiment 1.

Group Kinesthetic Pre-test lap Post-test lap

experience time time

M (SD) M (SD) M (SD)

IVI 4.43 (3.00) 88.08 (2.10) 86.23 (1.78)

EVI 4.53 (3.02) 87.55 (1.94) 87.45 (1.92)

Control – 87.67 (2.10) 87.57 (2.41)

a significant main effect for test F(1, 42) = 18.57, p < 0.001, η2 =
0.21, 1-β = 0.99 and a significant group by test interaction,
F(2, 42) = 13.65, p < 0.001, η2 = 0.31, 1-β = 0.99. Tukey’s tests
on the significant interaction revealed that there was no signif-
icant difference between groups at pre-imagery tests. However,
at post-imagery tests, the internal visual imagery group per-
formed significantly better than the external visual imagery group
q(42) = 6.31, p < 0.05, d = 0.66 and the control group q(42) =
6.94, p < 0.05, d = 0.63. In addition, the IVI group significantly
improved performance from pre to post-test q(14) = 9.56, p <

0.05, d = 0.98. No other differences were significant. See Table 1
for descriptive results.

Given that kinesthetic imagery can cause performance gains
over and above those caused by visual imagery (Hardy and
Callow, 1999), it was important to establish if the kinesthetic
imagery used in the two conditions could have influenced the
results (despite there being no significant differences in the expe-
rience of kinesthetic imagery in the two visual imagery groups).
We examined the relationship between kinesthetic imagery and
performance and found no significant correlation between kines-
thetic imagery (reported from the manipulation/social vali-
dation questionnaire) and performance (average lap-time) at
post-imagery test (rs = 0.06, p = 0.77). Thus, the superior per-
formance for the IVI group could not be attributed to dif-
ferences in kinesthetic imagery experience between the two
groups.

DISCUSSION
The results of this first experiment offer clear support for the
hypothesis that internal visual imagery appears superior to exter-
nal visual imagery in a driving-simulation slalom task. Further,
although there was no relationship between kinesthetic imagery
and performance, contrary to previous debate that kinesthetic
imagery cannot be used with external visual imagery (cf. Collins
and Hale, 1997) the results provide further evidence that kines-
thetic imagery can be experienced with both internal visual and
external visual imagery. The theoretical and applied implica-
tions of the findings are discussed later in the General discussion
section.

EXPERIMENT 2: DOWNHILL SLALOM RUNNING TASK
Although Experiment 1 used methods and procedures that
afforded substantial experimental control, the participants were
not actually moving through the visual field while performing
the task, as they would do in sports such as canoe slalom and
slalom skiing. It therefore could be argued that the findings of
Experiment 1 alone lack in ecological validity. In Experiment 2,
we aimed to replicate and extend Experiment 1 by using a more
ecologically valid task. This involved downhill slalom running
where participants actually moved through the visual field while
completing the task. In addition, the task allowed for separate
measures of time taken (as in Experiment 1) and accuracy (as
reported in White and Hardy, 1995).

We a priori hypothesized that the use of IVI would produce
superior performance in comparison to EVI. This hypothesis was
partly based on the results of Experiment 1, and also based on two
further arguments. Firstly, IVI involves the rehearsal of precise
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changes in direction at particular spatial positions (for example,
the angle at which to change direction to move past a cone or
object), helping participants to plan and select the best line. We
propose that this rehearsal may help the participants to better
plan and execute the slalom line during the task performance.

The second reason for expecting IVI to produce superior per-
formance compared to both EVI was due to task differences
between the current task of downhill slalom running and the
wheelchair slalom task used by White and Hardy (1995). More
specifically, as White and Hardy’s wheelchair slalom task relied
heavily on the generation of speed (because participants per-
formed the task on a flat surface), the motivational function of
EVI might have reduced the time taken, via enhanced competitive
drive. In contrast, downhill slalom running relies more heavily on
the control of speed (due to the effect of momentum) rather than
speed generation. Thus, the motivational function of EVI would
likely be less relevant.

METHODS
Participants
A sample of 22 sports science students (M age = 22.50 years,
SD = 3.08; 18 men, four women) was recruited for the experi-
ment. All participants provided written informed consent, and
ethical approval for the experiment was granted by the School’s
Ethics Board.

Tasks and experimental conditions
The experiment consisted of a practice and an experimental task.
In both tasks participants completed a downhill slalom running
course, performance was measured in terms of time-taken and
the frequency of cone touches (accuracy). The practice and exper-
imental slalom courses were performed outdoors on a disused
road that sloped downhill at an angle of 5◦. Both courses were
55 meters in length and used 13 cones and automatic timing
gates placed at the top and bottom of the course. The actual set-
up of the courses differed substantially. On the practice course,
the cones were placed at reasonably long intervals, allowing par-
ticipants to make wider (and less extreme) turns. In contrast,
the experimental course required the participants to make more
extreme changes in direction. Cones were placed much closer
together, and on narrower angles, requiring “tighter” turns in
order to be able to maintain a good line through the cones and
to be able to complete the task quickly.

A repeated measures design was employed whereby partici-
pants completed the task in IVI and EVI conditions. The con-
ditions were completed over two consecutive days and the order
was counterbalanced across participants. In each condition, par-
ticipants were administered a recorded imagery script that corre-
sponded to their condition prior to completing the experimental
task trials2. Scripts were developed using the same procedures and
principles used in Experiment 1.

Measures
Using automatic timing gates placed at the top and bottom of
the course, the time taken (in seconds) to complete each trial

2Scripts can be obtained from the first author.

was recorded. To measure accuracy, an independent judge visu-
ally observed and then recorded the frequency of cone touches by
participants for each trial. As with Experiment 1, imagery ability
was measured using the VMIQ-2, and a manipulation/social vali-
dation questionnaire administered to assess adherence to the con-
ditions, switching of visual imagery perspectives, and experience
of kinesthetic imagery during the use of visual imagery.

PROCEDURE
The VMIQ-2 was administered 1 week prior to the commence-
ment of the experiment, and all participants achieved the criteria
used previously in Experiment 1. Participants were tested indi-
vidually and on arriving at the experimental site, were equipped
with wrist and hand protectors and sports clothing to cover all of
the body. The equipment served as protection in case any partic-
ipants fell while running. Participants were told that the purpose
of the experiment was to examine the effects of different imagery
scripts on a motor performance task. Standardized instructions
were read informing the participants to complete the task as
quickly and accurately as possible. Participants performed five
practice trials on the practice course and were given a 3 min rest
between trials. At the end of the practice trials, participants were
given a 5 min break. Participants then entered the experimental
phase of the experiment. Prior to performing the first experimen-
tal trial, participants were read the same standardized instructions
as before, and were allowed to look at the new course and walk
down the side of it. Participants were administered the relevant
imagery script and were asked to employ imagery before complet-
ing each of two experimental trials. Only two experimental trials
were employed (compared to five in Experiment 1), because this
is the number of competitive trials that are performed in sports
such as Super G in alpine downhill skiing and canoe slalom. At
the end of each experimental trial, to ensure that the participants
complied with the instructions, participants were asked to rate to
what extent they ran as fast as possible down the course, on an 11
point Likert scale from 0 (not at all) to 10 (very much so). As with
Experiment 1, no participants scored below five. On completion
of the second experimental trial, a manipulation/social valida-
tion questionnaire was completed. The questionnaire examined
the extent to which participants adhered to their treatment con-
ditions, the experience of kinesthetic imagery, and the extent to
which they switched between imagery perspectives. These ques-
tions were scored on the same Likert scale used in Experiment 1.

The participants returned the following day and performed the
exact same procedure; though used the other imagery perspective.
In the second day, following completion of the manipula-
tion/social validation questionnaire, the participants were de-
briefed as to the nature of the experiment and thanked for their
participation.

RESULTS
Preliminary analyses
To control for potential carryover effects as a result of the repeated
measures design, a strict exclusion criteria was employed (Stevens,
2002). Participants were only retained for analysis if they were
able to meet two criteria from the manipulation/social valida-
tion questionnaire. First, participants were required to be able to
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report strong adherence to both the IVI and EVI conditions (as
evidenced by adherence ratings of seven out of 10 or above for
each imagery condition). Second, participants had to report min-
imal switching between imagery perspectives during each imagery
condition (i.e., a score of less than 3 for each condition which
would indicate that participants rarely, if at all, switched between
IVI and EVI during a particular imagery condition when they
were only supposed to be using one perspective). These crite-
ria resulted in the data from 11 of the 22 participants being
retained for analysis. Analyses showed that there was no differ-
ence in imagery ability across perspectives for these participants,
t(10) = 1.06, p = 0.31, d = 0.45.

Performance data
A dependent t-test was employed to examine the effects of the
visual imagery perspective in the experimental trial that the par-
ticipants ran the fastest in. Results revealed a significant difference
for condition, t(10) = −3.29, p < 0.008, d = 0.42. Inspection of
the cell means revealed that the course was completed signifi-
cantly quicker in the IVI condition than in the EVI condition (See
Table 2 for descriptive results). A statistical analysis of accuracy
was not possible as none of the participants touched a cone in
either of the conditions.

The results support the hypothesis, showing that IVI produced
performance gains over EVI. This performance effect was shown
via a reduction in time taken. In addition, there was no detriment
to accuracy that is participants did not compromise accuracy,
at least by colliding with the cones on spatially close turns, in
order to achieve the lower times. This leads to the interpreta-
tion that the effect for time taken for IVI was not a result of
a speed-accuracy trade-off across imagery perspectives. Further
to this, and in line with Experiment 1, we wanted to confirm
that the quicker times were not a result of greater kinesthetic
imagery experience in the IVI condition. Participants reported
(via the social validation/manipulation questionnaire) that they
experienced kinesthetic imagery in both IVI and EVI conditions,
although there was no significant difference between kinesthetic
imagery experience in the two conditions (p = 0.14, d = 0.38).
Further the experience of kinesthetic imagery was uncorrelated
with performance (rs = 0.006, p = 0.98).

DISCUSSION
The results of Experiment 2 replicate the findings of Experiment
1 providing further support of the beneficial effects of IVI over
EVI in an ecologically valid slalom based task for speed. Further,
the quicker times in the IVI group were not to the detriment of
accuracy, and are in line with our reasoning that IVI should help
to plan the most effective line. These data also highlight that the

Table 2 | Kinesthetic experience and time taken (seconds) in

Experiment 2.

Condition Kinesthetic experience Time taken

M (SD) M (SD)

IVI 6.18 (3.19) 15.19 (1.15)

EVI 5.10 (2.54) 15.70 (1.24)

motivational function of EVI offered by White and Hardy might
be redundant in tasks where the emphasis is placed on the con-
trol of speed (such as driving and downhill running) rather than
generation of speed.

The measurement of accuracy in Experiment 2 (i.e., touch-
ing the cones or not) might be perceived as rather crude. We
argue that if participants chose a line that was closer to the cones
at a turn, they may have more likely collided with the cone.
However, this measure may not have been comprehensive enough
to capture differences in accuracy of line (or trajectory) across
the entire task. Consequently, a third experiment was conducted
in order to explore both time-taken and accuracy, using a more
comprehensive measure of accuracy.

EXPERIMENT 3: DOWNHILL SKI-SLALOM TASK
Experiment 3 explored the effects of different visual imagery per-
spectives on a more ecologically valid task aligned to slalom sport-
ing performance (i.e., a downhill ski slalom task), than those used
in Experiments 1 (a laboratory-based simulation slalom task) and
2 (an experimentally generated slalom task) that allowed for mea-
sures of time taken (as in Experiments 1 and 2) and accuracy (as in
Experiment 2). Based on the rationale presented in Experiment 2,
our a priori hypothesis was that IVI would produce superior per-
formance for either time-taken or accuracy or both in comparison
to EVI.

METHODS
Participants
A sample of 30 recreational skiers (M age = 24.79 years, SD =
4.77, 23 men, seven women) was recruited for the experiment.
Although all participants could ski with their skis parallel, none
had any experience of slalom skiing. All participants provided
written informed consent, and ethical approval for the experi-
ment was granted by the School’s Ethics Board.

Task and experimental conditions
A slalom skiing task was performed twice on an outdoor artifi-
cial ski slope. The course sloped downhill at an angle of 20◦ and
was 120 meters long with six gates. The specific course of the
gates was set at an intermediate level by a qualified ski-slalom
coach. Performance was assessed by the time taken to complete
the course, and the accuracy of the line taken. Automatic tim-
ing gates were placed at the start and finish points of the course,
and time taken to complete each trial was recorded. Each trial
was videoed and an experienced ski-slalom coach blind to the
nature of the experiment subsequently judged accuracy. Two cri-
teria were used for judgments of accuracy: (a) closeness to the
pole, and (b) choice of line. Each of these criteria was scored
on a Likert scale from 1 (far away from pole/very sharp change
of direction) to 10 (just missing the pole/perfectly smooth change
of direction) and the average of these two scores was used for the
accuracy measure.

Participants were allocated to an IVI, EVI, or a control group.
The participants in the control group were given a series of light
stretches. The participants in both imagery groups watched a
brief video clip of a club level skier (not skiing the artificial ski
slope) from either an internal visual or external visual perspective
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(the treatment matched to their imagery group perspective) and
were then administered an imagery script. The imagery scripts
were either from an internal visual or external visual imagery
perspective depending on the group. The scripts instructed the
participants to create an image of themselves skiing the course
and directed them to create, in their image, the terrain, position
of the poles, and the line that they should take3. The participants
were instructed to employ imagery before each trial.

PROCEDURE
As with Experiments 1 and 2, imagery ability, using the VMIQ-2,
was measured 1 week prior to the commencement of the experi-
ment, with all participants achieving the specified ability criteria.
Participants were then randomly assigned to groups, and to num-
bered bibs indicating the order in which they would each conduct
the first experimental trial. Before the start of the experimental
session participants were allowed a warm-up period of 20 min to
ski. In three different rooms, participants were then shown the
video from their respective imagery perspective group (solely to
demonstrate the difference between an IVI and EVI perspective),
or conducted light stretches if they were in the control group.
During this time, the slalom course was erected. All participants
were then allowed to walk and inspect the slalom course. This
inspection lasted ∼10 min. The participants then assembled in
the changing room and were called individually (in bib order) to
start the experimental phase. At the top of the ski slope, partic-
ipants in the imagery groups were then read the imagery script
and were asked to image themselves skiing the course from the
respective imagery perspective. Participants in the control group
conducted light stretches. In addition to this, all participants
were asked to ski as quickly and as accurately as possible. Each
participant then completed his/her first trial. On average, there
was 30 min between the inspection of the course and the par-
ticipant’s first trial. The second trial took place in reverse bib
order, and again was conducted on average 30 min after the first
trial. Prior to performing the second trial, again at the top of the
slope, participants read the imagery script themselves and were
asked to image themselves skiing the course from the respective
imagery perspective or complete the light stretches if in the con-
trol group. Participants were reminded to ski as quickly and as
accurately as possible. For both trials, no time restrictions were
placed on the participant to complete the imagery. No practice
runs or discussion between participants was allowed in the chang-
ing room or while inspecting the course, and at no point during
the experiment did any participant watch another participant’s
performance.

On completion of both trials, all participants completed a
manipulation/social validation questionnaire. The questionnaire
assessed; adherence to the imagery perspectives, the perceived
suitability of each imagery perspective for completing the task
quickly and accurately, and the experience of kinesthetic imagery
for the two imagery groups. These questions were all scored on a
Likert scale from 1 (not at all) to 10 (greatly). Also, participants
were asked to report if they had used any other strategies to aid
performance.

3Scripts can be obtained from the first author.

RESULTS
Preliminary analyses
Two participants from the control group were unable to complete
both trials, leaving a sample of 28 participants. All participants
in the imagery groups reported being able to adhere to their
required imagery perspective and none of the participants in the
control group reported using imagery to aid their performance.
Data screening revealed significantly skewed and kurtotic dis-
tributions, with two outliers (one from the EVI group and one
from the control group). These data points were removed and
the remaining data were normally distributed. The remaining 26
participants were used for the analyses (7 control group, 10 IVI
group and 9 EVI group). There were no differences between the
imagery groups in whether kinesthetic imagery was experienced
(p = 0.32, d = 0.55) although both groups reported experiencing
kinesthetic imagery (See Table 3 for descriptive results). However,
the use of kinesthetic imagery was uncorrelated with time taken
(rs = −0.06, p = 0.81) and accuracy (rs = 0.03, p = 0.90). There
were no differences in reported imagery ability (adjusted α =
0.025) across the groups for both IVI (p = 0.53, η2 = 0.05,
1-β = 0.15) and EVI ability (p = 0.93, η2 = 0.004 1-β = 0.06).
The fastest of the two trials recorded was used in the data
analyses.

Main analysis
Single factor ANOVAs revealed no difference between the groups
for time-taken, F(2, 23) = 1.22, p = 0.32, η2 = 0.10, 1-β = 0.24,
but did reveal a significant difference for accuracy, F(2, 23) = 3.59,
p = 0.04, η2 = 0.24, 1-β = 0.61. A Tukey’s follow up test indi-
cated a significant difference between the IVI group and the
control group, showing that the IVI group was more accurate
than the control group (p = 0.04, d = 3.57). See Table 3 for
descriptive results.

DISCUSSION
The results of this experiment offer some support for the hypoth-
esis that IVI would produce superior performance than EVI in
slalom based tasks. In the present data, this was demonstrated
in terms of accuracy, as the IVI group was more accurate than
the control group (with a large effect), whereas there was no
difference between the EVI group and the control group. In
terms of performance time-taken, there was no significant dif-
ferences between the groups. However, the IVI group was one
second quicker than the EVI group, and three seconds quicker
than the control group. These differences correspond to small
and moderate effect sizes of 0.30 (IVI and EVI) and 0.66 (IVI
and control), respectively (cf. Cohen, 1992). Considering the time

Table 3 | Kinesthetic experience, time taken (seconds) and accuracy

(line taken) in Experiment 3.

Group Kinesthetic experience Time taken Accuracy

M (SD) M (SD) M (SD)

IVI 7.40 (1.43) 20.26 (4.10) 12.00 (1.94)

EVI 6.33 (2.45) 21.26 (2.78) 11.00 (1.73)

Control – 23.36 (5.26) 9.86 (0.6)
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and accuracy performance results together, the findings from
Experiment 3 are consistent with our theorizing that IVI may
aid performance by helping to plan and execute the most accu-
rate line. However, in isolation from the other experiments, the
findings from Experiment 3 should be viewed with caution due
to the low number of participants tested. The theoretical and
applied implications of these findings are discussed in the General
Discussion that follows.

GENERAL DISCUSSION
The purpose of the present research was to re-examine Hardy’s
(1997) hypothesis that IVI will produce superior performance
on slalom-based tasks compared to EVI or control conditions.
Taken together, the results of the three experiments here pro-
vided support for the hypotheses set out in the present research.
Specifically, there were significant performance benefits for the
use of IVI compared to EVI in Experiments 1 and 2 (in terms
of time taken) and significant accuracy performance benefits
between IVI and control in Experiment 3 (where EVI was no bet-
ter than control). Further, in Experiments 2 and 3, the differences
in performance did not seem to be caused by a speed-accuracy
trade-off across perspectives, as there were no differences between
IVI and EVI for accuracy performance in Experiment 2, and no
differences between IVI and the control group, for time taken in
Experiment 3.

The main finding that IVI produced performance gains on
these slalom-based tasks can be interpreted in line with the cog-
nitive explanation provided by Hardy (1997), and that the neural
activity in the IVI condition may be more functionally equiva-
lent with the neural activity that occurs when performing the task
in comparison to EVI (cf. Holmes and Collins, 2001; Ruby and
Decety, 2001; Fourkas et al., 2006; Lorey et al., 2009). Clearly,
as highlighted in the introduction, as the neural areas involved
in IVI and EVI are not known, we can only propose a neu-
ral explanation. Future research that examines this issue would
be particularly informative, as it would help to differentiate the
neural pathways involved in the visual perspectives, and ratify
the cognitive explanations that currently exist as to why visual
imagery perspectives impact performance.

Importantly, the results from Experiments 2 and 3 do not
provide evidence that a speed-accuracy trade-off across imagery
perspectives was the cause of the performance differences (not
previously controlled in White and Hardy, 1995). Specifically in
Experiment 2, there was no significant differences between accu-
racy for the IVI and EVI conditions, and in Experiment 3, there
was no significant difference in time taken between the IVI and
control conditions. With this control, together these data pro-
vide the first evidence supporting the theorized benefits of IVI
in slalom tasks. Indeed, these data, combined with the finding of
White and Hardy (1995) and Hardy and Callow (1999) that EVI
had more influence of form based performance than IVI, support
the Hardy (1997) hypotheses.

An interesting additional finding in the current research was
that participants reported using kinesthetic imagery regardless
of imagery perspective being used, with no significant differ-
ences in the amount of reported experience between the IVI and
EVI groups. These findings support the notion that kinesthetic

imagery can be experienced with both visual perspectives (e.g.,
Glisky et al., 1996; Callow and Hardy, 2004). However, for the
purpose of the present research aim, it is important to highlight
that as well as no difference in the amount of kinesthetic imagery
experienced between the conditions, there were also no signifi-
cant correlations between kinesthetic imagery and performance
in any of the experiments. As a note of interest for further inves-
tigation, previous research has reported additional performance
gains for kinesthetic imagery over and above those produced by
visual imagery for form-based tasks (Hardy and Callow, 1999).
In the current paper, the lack of correlation between kinesthetic
imagery and performance is perhaps surprising. It might be that
the performance gains produced by kinesthetic imagery can only
be evidenced with relatively high level performers, as measured
in Hardy and Callow (1999). Thus, the lack of correlation here
might be due to level of expertise of the participants on the tasks
used in the present studies, and their inability to make effective
or efficient use of kinesthetic imagery (cf. Hardy and Callow,
1999). In support of this contention, a recent functional magnetic
resonance imaging (fMRI) study found sport experts to utilize
kinesthetic imagery more efficiently (as inferred from significant
blood-oxygen-level dependence response in the parahippocam-
pus) than novices (Wei and Luo, 2010). Alternatively, the benefit
of kinesthetic imagery over visual imagery might be specific to
particular tasks, and based on the data here, not beneficial in
slalom based tasks. We suggest that future studies should manip-
ulate the variables of expertise, visual and kinesthetic imagery and
types of task on measures of performance.

Related to the previous paragraph, we propose that it would
be interesting to extend the hypotheses of Hardy (1997), and
determine whether kinesthetic imagery shows specificity to par-
ticular tasks, as now demonstrated for IVI and EVI for slalom
and form based tasks, respectively. Furthermore, how expertise
(in both imagery ability and sport action skill) moderates the
Hardy (1997) hypotheses would be of interest. In principal, the
rationale provided by Hardy (1997), albeit rudimentarily, sug-
gests that imagery modalities may prime specific actions based on
similarities between the cognitive processes involved in imagining
and executing specific skilled actions. Support for this explana-
tion comes from behavioral studies coupled with neuroscience
techniques (e.g., fMRI and Transcranial Magnetic Stimulation)
that have examined the brain-pathways involved in imagery (cf.
Moran, 2009 for a review), and the role that expertise plays in the
use of imagery (Milton et al., 2008). This research generally shows
that the cognitive processes differ for the different imagery modal-
ities, and furthermore that the cognitive processes are moderated
by the level of expertise of the participant.

In addition, we did not specify the angle participants should
take when imagining from an EVI perspective. Although research
has yet to examine whether angle of EVI affects performance,
researchers (e.g., Fournier et al., 2008) have highlighted that ath-
letes do use different angles. Manipulating angle of EVI is an
obvious step for future research to consider in all imagery per-
spective studies (cf. Callow and Roberts, 2010). Furthermore,
it would be interesting to evaluate whether moderating imaged
gaze points within the internal visual imagery of a slalom task
would also moderate actual performance. Finally, it is currently
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unknown whether supplementary sensory information such as
vestibular or auditory perception moderate external and internal
visual imagery in the same way. We propose that future studies
manipulate additional sensory information when considering the
relative roles of imagery perspective on performance.

Aside from these theoretical implications, the current experi-
ment provides several applied implications. First, the importance
of considering task characteristics when recommending to ath-
letes which imagery perspective may be more beneficial to use is
highlighted. Second, for tasks requiring an effective use of line,
where a performer is required to make specific changes in direc-
tion at precise spatial locations, IVI appears to be the best imagery
perspective to use to aid performance. Thus, IVI is a meaningful
psychological skill for sport psychologists and coaches to develop,
and for athletes to use when trying to achieve performance gains
for slalom-based tasks. Third, some tasks require both form and
changes in direction at precise spatial locations (e.g., a double
straight-back somersault in gymnastics). With these types of task,
switching between IVI and EVI might be relevant, though evi-
dence to support the effective use of imagery switching is needed.
Finally, other motor skills that do not rely so heavily on the use
of form or line (such golf putting or dart throwing) might benefit
equally from the use of IVI or EVI (see Roberts et al., 2010).

Certain strengths and limitations can be associated with the
research presented here. Using manipulation checks in all exper-
iments was a strength of the research, as it enabled greater
experimental control (cf. Murphy and Jowdy, 1992). Employing
specific imagery ability criteria, based on previous evidence (e.g.,
Callow et al., 2001), to accept or reject participants to the exper-
imental phase of the studies was a strength of the research
(cf. Goss et al., 1986). Further, the use of three experiments
with three different tasks (that were conceptually and method-
ologically linked) with consistent results across the different
experiments was a particular strength in relation to the general
imagery literature that has traditionally relied on single stud-
ies (cf. Goginsky and Collins, 1996). Despite these strengths,
there are some limitations that deserve comment. Through the
use of manipulation checks to enhance experimental control, a
substantial removal of participants was performed, particularly
so in Experiment 2. Imagery research has previously been crit-
icized for failing to use rigorous manipulation criteria, and so
here, we felt that this approach was appropriate despite the large
participant loss. Despite this removal, the remaining participant

sample resulted in the hypothesized reliable effects suggesting
that the conservative approach did not impact on the data. We
therefore recommend that the approach is used in future related
studies.

A second potential limitation of the present research was the
inability to control participants’ spontaneous kinesthetic imagery
experiences. Although we propose that this did not influence
the current findings as there were no differences in kinesthetic
imagery experiences between the IVI and EVI groups and further-
more that kinesthetic imagery experience was not correlated with
performance, future research may wish to explicitly control for
kinesthetic imagery use. This may involve the inclusion of a kines-
thetic imagery (only) condition, or it might be possible to inhibit
kinesthetic imagery cognitive processes through the use of repeti-
tive Transcranial Magnetic Stimulation (cf. Jung et al., 2008). For
example, Guillot et al. (2009) found kinesthetic imagery to elicit
bilateral activations of the inferior parietal lobule (BA10) as well
as several motor-related regions (including the putamen, the cau-
date nucleus, and the cerebellar hemispheres). The application of
rTMS to these brain areas may suppress kinesthetic imagery while
visual imagery can still be used.

A third potential limitation relates to the measures employed.
Specifically, although time-taken is a variable involved in the
calculation of speed, we have not measured speed (i.e., dis-
tance/time). Further, the measure of accuracy in Studies 2 and
3 are crude. Consequently, due to possible measurement errors
brought about by these limitations, the interpretations related
to the speed-accuracy trade off do need to be viewed with cau-
tion. Future research plotting the spatial trajectory of the line
performance, perhaps relative to a perfect line or relative to gate
positions, using technology such as GPS tracking systems, would
be worthwhile. With this, comparison across and within perspec-
tives for the separate and combined effects of speed and accuracy
could be made.

To conclude, the results of the present research provide evi-
dence for the use of IVI to enhance the performance of slalom-
based tasks, and enhance our knowledge in the area of imagery
perspectives research.
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Mental practice refers to the cognitive rehearsal of a physical activity. It is widely used
by athletes to enhance their performance and its efficiency to help train motor function
in people with physical disabilities is now recognized. Mental practice is generally based
on motor imagery (MI), i.e., the conscious simulation of a movement without its actual
execution. It may also be based on verbal rehearsal (VR), i.e., the silent rehearsal of the
labels associated with an action. In this study, the effect of MI training or VR on the learning
and retention of a foot-sequence task was investigated. Thirty right-footed subjects, aged
between 22 and 37 years old (mean: 27.4 ± 4.1 years) and randomly assigned to one of three
groups, practiced a serial reaction time task involving a sequence of three dorsiflexions and
three plantar flexions with the left foot. One group (n = 10) mentally practiced the sequence
with MI for 5 weeks, another group (n = 10) mentally practiced the sequence with VR of
the foot positions for the same duration, and a control group (n = 10) did not practice the
sequence mentally. The time to perform the practiced sequence as well as an unpracticed
sequence was recorded before training, immediately after training and 6 months after
training (retention). The main results showed that the speed improvement after training
was significantly greater in the MI group compared to the control group and tended to be
greater in the VR group compared to the control group. The improvement in performance
did not differ in the MI and VR groups. At retention, however, no difference in response
times was found among the three groups, indicating that the effect of mental practice did
not last over a long period without training. Interestingly, this pattern of results was similar
for the practiced and non-practiced sequence. Overall, these results suggest that both MI
training and VR help to improve motor performance and that mental practice may induce
non-specific effects.

Keywords: motor imagery, verbal rehearsal, mental practice, foot movement sequence, learning, retention

INTRODUCTION
In the context of motor learning, mental practice may be defined
as the cognitive rehearsal of a physical activity in order to enhance
performance in this activity (Jackson et al., 2001). Mental prac-
tice is generally based on motor imagery (MI), i.e., the mental
simulation of an action without its actual execution. Research on
mental practice based on MI as a strategy to improve motor per-
formance goes back to the 1930s (e.g., Sackett, 1934) and since
then the use of MI training has become widespread in sport set-
tings. It has been shown that it is often better to perform mental
practice than no practice and that physical practice combined
with mental practice often lead to better results than physical
practice alone (see Richardson, 1967a,b; Feltz and Landers, 1983;
Driskell et al., 1994; Munzert and Lorey, 2013). Furthermore, there
is accumulating evidence that mental practice based on MI can
be efficient to help train motor functions in people with physi-
cal disabilities of neurological origin (see Dickstein and Deutsch,

2007; Malouin and Richards, 2010; Malouin et al., 2013). The
use of mental practice in a rehabilitation setting appears partic-
ularly relevant as it provides a unique opportunity to practice
different kinds of movements – even complex motor tasks – in
an autonomous and safe manner while avoiding undue physical
fatigue.

Concerning the underlying mechanisms of MI training, it has
been repeatedly shown that MI recruits brain regions pertain-
ing to the motor system (e.g., Decety et al., 1994; Gerardin et al.,
2000; Malouin et al., 2003; Munzert and Zentgraf, 2009; Hetu et al.,
2013). MI training would thus prepare the body to act by “prim-
ing” the brain regions involved in the execution of the action.
Furthermore, similar brain plasticity has been demonstrated after
physical training and mental training based on MI (Pascual-Leone
et al., 1995; Jackson et al., 2003; Debarnot et al., 2011), indicat-
ing that both forms of training would involve similar neural
mechanisms.
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If mental practice generally refers to MI training, it has been
proposed that mental practice based on verbal rehearsal (VR) –
i.e., the covert repetition of verbal labels attached to different ele-
ments of an action – could also be useful to improve motor skills
(e.g., Hall et al., 1997). Compared to MI training, however, the
use of VR has received considerably less attention. Most of the
studies that investigated the use of verbal labels to improve motor
skills have explored self-talk strategies by athletes. Self-talk con-
tent may be categorized as either motivational or instructional
(Theodorakis et al., 2000). Motivational self-talk refers to labels
aimed at increasing confidence or motivation (e.g., “you can do
it”), whereas instructional self-talk refers to labels aimed at direct-
ing attention toward movement cues (e.g., “reach, move right,”
etc.) and facilitating the learning of a skill (Zinnser et al., 2006).
An important part of the research on self-talk with athletes focuses
on its instructional role and it has been shown that the use of ver-
bal labels in this context helps to learn different sport skills (e.g.,
Ziegler, 1987; Ming and Martin, 1996; Landin and Hebert, 1999).
Self talk, however, is most of the time used by athletes in parallel
with the movement they actually perform (Gammage et al., 2001),
not as a rehearsal strategy used per se.

To our knowledge, only one study has investigated the effects
of VR on motor learning without simultaneously performing the
movements (Hall et al., 1997). Interestingly, this study compared
the impact of VR and MI training. Participants were first pre-
sented with a series of different patterns of movements, each
movement being separated by a period of 15 s. During this 15 s
period, depending on group assignment, subjects either (1) imag-
ined the movement twice, (2) repeated a verbal label associated
to the movement twice, or (3) imagined the movement once and
verbally labeled it once. After the presentation of the movements,
subjects performed a puzzle for 10 min, and were then asked to
reproduce as many of the movement patterns as they could. The
authors found that subjects who had used VR were better than
those who had used MI, and that those who employed a com-
bination of the two strategies yielded the best results. Although
interesting, the study from Hall and colleagues has several lim-
itations. First, subjects mentally practiced each movement only
twice, which is very little in comparison with other studies on
mental practice where subjects may mentally rehearse movements
for several minutes and across several days (see Schuster et al.,
2011). Second, long-term effects of mental practice were not
assessed. Finally, the subjects’ performance was essentially assessed
by calculating the number of movements recalled as well as the
accuracy of the correctly recalled movements, thus by measures of
motor memory rather than of motor performance (e.g., speed of
execution).

Hence, the main objective of the present study was to com-
pare the effects of mental practice with MI or with VR on the
speed to perform a sequential motor task derived from the serial
reaction time paradigm (Nissen and Bullemer, 1987). By this
way, the impact of VR on motor performance was assessed, and
this effect could be directly compared with that of MI training.
Another objective was to determine whether these two forms of
mental practice led to performance gains that were specific to
the practiced sequence. Indeed, it has been shown that men-
tal practice with MI of a finger sequence can be beneficial for

both trained and untrained sequences (Nyberg et al., 2006; Ols-
son et al., 2008). If a non-specific effect was found with both MI
and VR, this could indirectly suggest that similar processes are
involved during these two forms of mental practice. To achieve
these goals, we compared the learning and retention of a sequence
of lower-limb movements in three groups of healthy subjects:
(1) a group who practiced mentally the sequence using MI, (2) a
group who practiced mentally the sequence with VR, and (3) a
control group who did not engage in any mental practice con-
dition. The specificity of the effects of practice was tested by
measuring subject performance in two conditions that differed
with regards to the stimuli used: (1) a practiced sequence and (2) a
non-practiced sequence. We hypothesized that, compared to the
control condition, mental practice using MI and VR would lead
to higher levels of improvement on the task, and that this increase
in performance would be more important for the practiced
sequence.

MATERIALS AND METHODS
SUBJECTS
Thirty healthy right-handed and right-footed subjects ranging in
age between 22 and 37 years old (mean = 27.4 ± 4.1 years) were
recruited. These participants were assigned to one of three groups:
mental practice with MI, MI group (n = 10); mental practice with
VR, VR group (n = 10); and a no mental practice, control group
(n = 10). All groups were matched with respect to their mean
age, years of education, and gender ratio based on analyses of
variance and chi-square analyses performed on these variables.
The exclusion criteria included major medical problems, neuro-
logical disorders, psychological or psychiatric illness, uncorrected
hearing impairments, as well as musculoskeletal disorders of the
lower limbs. Subjects gave their written consent and were finan-
cially compensated for their visits to the laboratory. The study
was approved by the ethics committee of the Quebec Institute for
Rehabilitation.

MATERIAL
Imaginary distance test
In this test, subjects were asked to imagine walking at a regu-
lar pace in a familiar setting using the first-person perspective,
and then to judge the distance traveled (see Malouin et al., 2003).
They were instructed to imagine walking until the experimenter
told them to stop. Unknown to the subjects, each trial was
terminated after varying intervals of 15, 25, or 35 s. Administra-
tion of these intervals was presented twice and counterbalanced,
such that the subjects were not able to predict when to stop
walking.

Kinesthetic and visual imagery questionnaire
This questionnaire developed by Malouin et al. (2007) assesses MI
vividness. It includes 10 items corresponding to 10 basic move-
ments that subjects must execute then imagine in the first-person
perspective. In the first part of the questionnaire (visual subscale)
subjects try to “mentally see” the movements when they imagine
them; in the second part (kinesthetic subscale) they try to “men-
tally feel” the movements. After each imagined movement, they
rate the clarity of the images/intensity of the sensations that they
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have formed on a 5-point scale, from 1 (no image/no sensation)
to 5 (image as clear as seeing/sensation as intense as during physi-
cally performing). Note that in the version of the Kinesthetic and
Visual Imagery Questionnaire (KVIQ) used in this study the scale
was reversed: five corresponded to no image/no sensation and one
to the clearest images/most intense sensations. A score for each
subscale was calculated (ranging from 10 to 50) then a total score
was computed (ranging from 20 to 100).

Foot-sequence task
The task was performed in an apparatus that consisted of a pedal
(13 cm × 35 cm) mounted in a frame (45 cm long, 29 cm wide, and
60 cm high) that was custom made for this research project. The
height and length of the pedal could be adjusted to standardize the
foot position relative to the ankle axis of rotation, and the foot was
secured by twoVelcro straps attached to the pedal. A potentiometer
fixed on the pedal axis and connected to an electronic relay box
could be adjusted to detect three different pedal angles (positions).
The relay box was linked to a computer that generated the auditory
stimuli and registered the subject response time (ms) and number
of errors.

Electromyography
A portable two way electromyography (EMG) device (Pathway
MR-20; The Protheus Group) recorded surface EMG activity of
two leg muscles, the tibialis anterior and the soleus, during the
different experimental conditions. These EMG recordings served
only as a feedback to monitor the absence of muscle contractions
during the imagined conditions.

PROCEDURE
The design comprised a total of seven experimental sessions. Ses-
sion 1 was a pre-training and baseline evaluation, sessions 2–6
were weekly evaluations of subjects’ physical and mental perfor-
mance, while session 7 was conducted several months after session
6 to assess the retention level of the skill. Between sessions 1
through six, subjects in the MI and VR groups mentally prac-
ticed a specific sequence of six elements. Subjects in the control
group did not practice between sessions, but their performance
was nevertheless tested at the same time points as the other two
groups.

Testing session 1
After the procedure was fully described to the subjects, participants
completed the imaginary distance test as a preparation for MI. Due
to time constraints the KVIQ was handed to them to be completed
at home and returned in the next session.

Execution of the foot-sequence task. Participants were set up in
the apparatus with their left foot attached to the pedal, and were
asked to perform the task in a supine position. Note that the left
foot was used because performance with this limb was expected to
offer more room for improvement than with the right limb. Three
foot positions were determined: (1) maximum dorsiflexion (up),
(2) middle position, and (3) maximum plantar flexion (down).
The relay box was adjusted to recognize these positions. Subjects
started the task with their foot in the middle position. They were
requested to execute a dorsiflexion in response to a high pitched

sound and a plantar flexion in response to a low pitched sound.
They were required to move as quickly as possible while making as
few errors as possible. After each trial, subjects had to move their
foot back to the middle position in order to be ready to move in
response to the upcoming target sound. The trials were presented
with a fixed inter-stimulus interval of 2000 ms.

Each subject was given 24 practice trials to become familiar
with the physical execution of the task. They were then asked
to complete trials in two different conditions: sequence A and
sequence B. The order of presentation of the two sequences was
counterbalanced among groups. In addition, random trials were
administered between the two conditions to reduce possible con-
fusion between the two sequences (results for these trials were not
included in the analyses). Sequence A corresponded to the follow-
ing sequence of six foot positions: “up-down-down-up-down-up,”
while Sequence B consisted of the reverse order: “down-up-up-
down-up-down.” These sequences were found to be equivalently
difficult in a previous pilot experiment (data not shown here).
Four blocks were performed with one of the sequences, followed
by two blocks of the random trials, and then four blocks of the
alternate sequence. Each block consisted of 36 trials (6 sequences
of 6 elements), and were separated by 1 min pauses. Before train-
ing began, subjects were taught explicitly the series of movements
and had to reproduce it errorless three times in a row without
any auditory cues. The response time (ms) was recorded for each
trial.

Imagination of the foot-sequence task. Following assessment of
the initial performance on the foot-sequence task, two electrodes
were attached to the subject’s left leg over the tibialis anterior and
the soleus muscles to record EMG activity during the covert condi-
tions. If such activity was present, subjects were asked to relax, and
repeat the imagined block of trials until no significant change in
the EMG signals was observed. During testing, subjects in the MI
and control groups had to imagine the movements of the sequence,
while those in the VR group had to mentally repeat the labels “up”
and “down” associated with the sequence. Precisely, during MI,
subjects were asked to imagine, as quickly and accurately as pos-
sible, four blocks of six sequences for both Sequence A and B,
starting with the one they began with during physical execution of
the task. MI involved the kinesthetic and visual components of the
movements as if subjects were performing the task (first-person
perspective). For its part, VR consisted of a silent repetition of
the sequence of foot positions (i.e., “up-down-down-up-down-
up” and “down-up-up-down-up-down”). After the start signal,
subjects with their eyes closed, counted on their fingers the num-
ber of sequences they performed mentally, to indicate the exact
moment they completed one block (six sequences) of trials. The
time, in seconds, taken to imagine each block was recorded with a
stopwatch.

Mental practice
Subjects in the MI and VR group were asked to complete 12
practice periods at home before coming to the next testing ses-
sion. During each practice period, they had to assume a sitting
or supine position, and imagine/labeling the sequence without
actually moving their foot for 10 separate blocks of trials (10 × 6
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sequences = 60 sequences per practice period). Thus, subjects in
the MI and VR groups mentally rehearsed 720 times their prac-
ticed sequence between each testing session. Subjects were given a
logbook in which they were asked to register the time and dura-
tion of each training period. Subjects in the control group were
not asked to practice the sequences but returned to the laboratory
for weekly evaluations.

Testing sessions 2–6
During each testing session, which took place on average 8.4 days
(SD = 1.7) apart, subjects had to perform the foot-sequence task
both physically and mentally as described previously in the first
testing session, except that only two blocks of practice of each
sequence (instead of four) were administered. Therefore, all sub-
jects were tested on the foot-sequence task on two blocks of the
practiced sequence and two blocks of the non-practiced sequence,
separated by two blocks of random trials. Again, subjects in the MI
and control groups were asked to perform the task using MI, while
subjects in the VR group were required to use covert VR. EMG
activity of the tibialis anterior and soleus muscles was recorded
again in session 6 to insure that repeated mental practice did not
induce muscular activity. At the end of session 6, subjects were
again given the KVIQ to be completed at home in the next few
days to determine whether the perception of their imagery ability
had changed after several weeks of mental practice.

Testing session 7
All of the subjects who participated in this experiment were later
invited to come back to the laboratory for a retention test. Subjects
were not previously told about this test to insure that no further
practice would occur after training sessions. Twenty-three subjects
(MI group, n = 9; VR group, n = 8; control group, n = 6) were
re-tested on average 206 (SD = 46) days after session 6. They
completed two blocks of the practiced sequence and two blocks of
the non-practiced sequence, separated by two blocks of random
trials. They also imagined two blocks of each sequence as described
previously.

DATA ANALYSIS
Motor imagery ability
The total KVIQ-scores obtained during the first administration of
the questionnaire were compared between groups by means of a
one-way ANOVA. Further, to determine whether mental practice
of a skill during several weeks altered the perception of imagery
ability, we compared KVIQ scores at the beginning of the exper-
iment with those obtained after practice by means of a 2 × 3
(Session × Group) ANOVA with repeated measure.

Execution of the foot-sequence task
Only response times were analyzed since subjects made very few
errors (mean: 1.6%). First, response times shorter than 100 ms and
longer than 2000 ms were discarded. Indeed, it has been shown
that genuine reaction times cannot be less than 100 ms (e.g., Luce,
1986) and the cut-off value of 2000 ms was chosen to eliminate
trials were subjects erred. Then, response times inferior or supe-
rior to two SD of the subject’s mean for a given condition were
excluded. On this basis, results for one subject from the control

group were not included in the analyses because almost 25% of tri-
als were outliers, which strongly suggests that this participant did
not fully comply with the instructions. For the other subjects, no
more than 8% of the trials were discarded (mean: 2.4%). Response
times were compared between groups, for each condition, at base-
line (session 1) after 5 weeks of training (session 6), and around
6 months after the end of training (session 7, retention) by means
of ANOVAs (See Results).

Imagination of the foot-sequence task
To explore the temporal congruence between executed and imag-
ined movements, we compared the time taken to physically and
mentally complete the blocks of sequences. A first descriptive
analysis of the data led to an unexpected finding. In fact, indi-
vidual data showed that some subjects tended to take more time
during imagination than during execution of the sequence (over-
estimators), some subjects took approximately the same amount
of time, while others took less time to imagine the task than to
execute it (under-estimators). Moreover, subject tendency to use
a given strategy during MI was found to be relatively constant
across training. Since the distribution of this unsuspected charac-
teristic was not balanced across groups (e.g., four over-estimators
in the MI group, and seven in the control group), comparison
between the time taken by subjects to imagine and execute the
foot-sequence task was not pursued.

RESULTS
MOTOR IMAGERY ABILITY
Results from the imaginary distance test confirmed that all subjects
understood the concept of MI and were able to imagine move-
ments. Indeed, consistent with previous studies (Malouin et al.,
2003, 2008), subjects imagined walking farther with increasing
time and vice-versa. Also, all subjects succeeded in engaging in MI
of the foot-sequence task without significantly contracting their
tibialis anterior or soleus muscles either during the first or sixth
session.

As for the KVIQ, the one-way ANOVA performed on the
scores obtained during the first administration of the question-
naire showed a significant main effect of Group [F(2,26) = 6.13,
p < 0.01]. Decomposition of this effect revealed that the control
group scored significantly lower – thus rated itself as being bet-
ter at eliciting vivid images and sensations – than both the MI
and VR groups (p < 0.05). To determine whether mental practice
of a skill during several weeks altered the subjects’ perception of
their imagery ability we compared the KVIQ scores between ses-
sions 1 and 6 by means of a 2 × 3 (Session × Group) ANOVA
with repeated measures. The main effect of Session, as well as the
Group × Session interaction failed to reach the level of signifi-
cance, suggesting that subjects, on average, did not change their
rating of their own MI ability over time.

EXECUTION OF THE FOOT-SEQUENCE TASK
Six subjects (one in the MI group, two in the VR group, and
three in the control group) did not attend the retention ses-
sion for different reasons (could not be contacted, refused to
come back). Figure 1 provides an overview of the evolution of
the mean response times for the practiced and non-practiced
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FIGURE 1 | Mean response times for the practiced and non-practiced sequence, in each group, across the seven sessions.

sequence, in each group, across the seven sessions. Response times
for both conditions decreased in all groups between sessions 1
and 6, and this decrease was more important in the MI and VR
groups compared to the control group. Also, while response times
remained relatively stable between sessions 6 and 7 in the control
group, they increased in the MI and VR groups. In the following
sections, we provide statistical analyses of these data. The perfor-
mance change between sessions 1 and 6 were analyzed separately
(n = 29) from the performance change between sessions 6 and 7
(n = 23).

Training: performance change between sessions 1 and 6
First, a one-way ANOVA conducted on responses times at ses-
sion 1 showed that the performance levels before training did not
differ significantly between groups [F(2,26) = 0.51, p = 0.608].
Thus, possible differences between groups after practice should
reflect the effects of the different training regimen. Figure 2
shows mean responses times for the practiced and non-practiced
sequence, in each group, at sessions 1 and 6. Results of a
3 × 2 × 2 (Group × Condition × Session) ANOVA performed

on the response times showed a significant main effect of Ses-
sion [F(1,26) = 150.51, p < 0.001, η2

p = 0.85] as well as a
significant Group × Session interaction [F(2,26) = 3.40, p < 0.05,
η2

p = 0.21], indicating that the three groups improved their perfor-
mance after training, but that this change in performance differed
among groups. Subsequent paired t-tests with a Sidak correc-
tion conducted within each group showed that response times
for both sequences significantly decreased between session 1 and
6 in the three groups (p < 0.001). To further characterize the
Group × Session interaction, we thus conducted three separate
2 × 2 (Group × Session) ANOVAs on data of the groups taken
two by two (MI vs. control, VR vs. control, and MI vs. VR).
Results showed that the interaction between Group and Session
was significant when the MI group was compared to the con-
trol group [F(1,17) = 7.00, p < 0.05, η2

p = 0.29], approached
significance between the VR and control groups [F(1,17) = 7.00,
p = 0.067, η2

p = 0.18], but was not significant between the MI and
VR groups. Note that in the 3 × 2 × 2 (Group × Condition × Ses-
sion) ANOVA, neither the effect of Condition, nor any other
interaction involving the effect of Condition reached statistical

FIGURE 2 | Mean (+SD) responses times for the practiced and non-practiced sequence, in each group, at sessions 1 and 6. MI, Motor imagery group;
VR, verbal rehearsal group; CT, control group.
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significance, suggesting that the changes in response times were
not statistically different between the practiced and non-practiced
sequence.

Retention: performance change between sessions 6 and 7
Figure 3 shows mean responses times for the practiced and non-
practiced sequence, in each group, at sessions 6 and 7. The results
of a 3 × 2 × 2 (Group × Condition × Session) ANOVA per-
formed on the response times showed a significant main effect
of Session [F(1,20) = 32.42, p < 0.001, η2

p = 0.62] as well as a
significant Group × Session interaction [F(2,20) = 8.06, p < 0.01,
η2

p = 0.45], indicating that there was a change in performance
after several months without practice but that this change differed
between groups. In fact, paired t-tests with a Sidak correction
conducted within each group revealed that response times for
both sequences significantly increased (p < 0.001) in the MI
and VR groups but did not change in the control group (but
remember that the control group had not improved as much
as the other groups in the training phase). This result showed
that the additional gain in performance obtained after training in
the two mental practice groups compared to the control group
did not last after several months without practice. To further
investigate whether the change in response time differed between
the MI and VR groups, we performed a 2 × 2 (Group × Ses-
sion) ANOVA on the data of these two groups. This analysis
did not show any significant interaction between Group and
Session, indicating that the decrease in performance between ses-
sions 6 and 7 was equivalent for the MI and VR groups. Finally,
note that in the 3 × 2 × 2 (Group × Condition × Session)
ANOVA, no interaction involving the effect of Condition reached
statistical significance, showing that the changes in response
times were equivalent between the practiced and non-practiced
sequence.

DISCUSSION
The main results of this study showed that, compared with no
mental training, both mental practice with MI and with VR

enhanced performance of a sequential motor skill after a few weeks
of training. Furthermore, the two conditions of mental practice
led to improved performance of the trained sequence as well as an
untrained sequence, suggesting a non specific effect of training.
After several months without mental practice however, perfor-
mance returned to similar levels in the mental training groups
and the control group, indicating that the gain provided by men-
tal practice after 5 weeks of training was not maintained over
time.

EFFECTS OF MENTAL PRACTICE ON MOTOR LEARNING
Mental practice with motor imagery
When considering the effects of mental practice with MI, our find-
ings are consistent with a large body of research in sport settings,
which support the use of MI training to improve the learning of
sequential skills (see Feltz and Landers, 1983; Driskell et al., 1994).
As shown by other studies, it is also possible to improve motor
sequence skills with mental practice based on MI even without the
extrinsic motivation of competitive athletic performance (Pascual-
Leone et al., 1995; Jackson et al., 2003; Gentili et al., 2006; Nyberg
et al., 2006; Olsson et al., 2008; Debarnot et al., 2009; Debarnot
et al., 2011). For example, by using the same task as the one of
the present study, Jackson et al. (2003) showed that five training
periods of mental practice with MI over 1 week led to a significant
improvement in performance in healthy young subjects. For their
parts, Olsson et al. (2008) showed that a combination of physi-
cal and mental practice of a finger tapping sequence over 6 weeks
tended to induce greater improvement in the speed of execution
of the sequence than physical practice alone. In the present study,
subjects in the MI group combined physical and mental practice
since they executed the sequence at each testing session. Our results
are thus directly in line with those of Olsson and colleagues and
extend them to the learning of a sequence involving the lower
limb.

Such improvements in performance after mental practice have
been linked with changes in the cortical maps associated with the
movements performed (e.g., Pascual-Leone et al., 1995; Jackson

FIGURE 3 | Mean (+SD) responses times for the practiced and non-practiced sequence, in each group, at sessions 6 and 7 (Retention). MI, Motor
imagery group; VR, verbal rehearsal group; CT, control group.
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et al., 2003; Debarnot et al., 2011). For example, in the study by
Jackson et al. (2003) mentioned above, the authors showed that the
performance improvement after mental practice was accompanied
by an increase in activity in the orbitofrontal cortex as well as a
decrease in activity in the cerebellum, both changes in the func-
tional representation of the skill that had previously been shown to
occur after physical practice of the same task (Lafleur et al., 2002).
Hence, mental practice with MI of sequential skills can access and
modify the motor representation of the practiced skills, just like
physical practice.

Mental practice with verbal rehearsal
It is of interest that our results also show improvements in
performance after VR that were similar to those obtained with
MI training. VR as a technique to improve motor skills has been
considerably less studied than MI training, even in athlete pop-
ulations. Furthermore, although the impact of VR training has
generally been shown to be positive, it was essentially in a context
where subjects labeled key elements (via self-talk) of a given move-
ment concomitantly to its actual execution (e.g., Ziegler, 1987;
Ming and Martin, 1996; Landin and Hebert, 1999; Zinnser et al.,
2006). To our knowledge, the only published study that specifically
explored the impact of VR as a training technique decoupled from
actual execution was that of Hall et al. (1997) where the effects
of mental practice with VR and MI on the memorization of dif-
ferent movements were compared. However, as reported in the
introduction, the study of Hall and colleagues had important lim-
itations and notably the fact that subjects mentally practiced the
movements only twice and that the main outcome was a mea-
sure of recall. Our results thus add an original contribution to
the literature on mental training as they show that the increase in
speed – a real measure of motor performance – in a sequential
motor task was similar after a substantial amount of VR and after
the same amount of MI training. Note however that the present
results do not allow us to conclude that VR (combined with phys-
ical practice) is truly more efficient than physical practice alone
since the difference in the performance improvement between the
VR and control groups only approached significance (whereas this
difference was significant between the MI and control groups).
The impact of VR on motor performance needs thus to be further
investigated.

Still, one possible explanation of the effect of VR comes
from the links between language and movements, as for exam-
ple proposed in the action-language-imagination model by Annett
(1996). According to this model, there are two main channels to
acquire information about a skill: a motor channel and a verbal
channel. Between the two channels is the action-language bridge
which makes it possible to verbally describe an action but also to
generate an action on verbal instructions. Assuming the existence
of such a close relationship between language and movements, it
is thus conceivable that by rehearsing the different foot positions,
subjects implicitly evoked part of the action itself, thereby engag-
ing motor representations involved in motor sequence learning.
More recently, embodied theories of language have put forward
the notion that brain areas involved in perception and action are
also implicated in the representation and processing of language
(e.g., Pulvermuller and Fadiga, 2010). In particular, neuroimaging

studies have shown that the processing of action-related language –
such as action words – recruits sensorimotor brain areas similar
to those that would be activated during actual execution of the
actions described by the words (e.g., van Dam et al., 2010; Hauk
and Pulvermuller, 2011).

In the present study the words “up” and “down,” although they
were not action verbs, clearly referred to an action. It is thus pos-
sible that motor representations of the movements were implicitly
evoked when subjects mentally rehearsed these words. However,
this remains speculative. In future studies, it would be interesting
to directly test whether MI of a given action and the processing
of key words associated with this action would activate similar
brain regions. Furthermore, brain plasticity associated with both
VR and MI training should be explored.

NON-SPECIFIC LEARNING EFFECT
An interesting finding of this study is that the level of improve-
ment was similar for the practiced and the non-practiced sequence,
after both MI and VR training. Nyberg et al. (2006) assessed per-
formance of two finger-tapping sequences before and after 1 week
of training in two groups of subjects. During training, all sub-
jects practiced one of the two sequences for four sessions spread
over 1 week. Half of the participants performed physical practice
while the other half performed mental practice based on MI. A
positive effect of training (either physical or mental) was shown
for both the trained and untrained sequence, although the gain in
performance was significantly larger for the trained sequence. In
a subsequent study, by using the same finger-thumb opposition
task, Olsson et al. (2008) showed that a combination of physical
and mental practice for 6 weeks induced a significant increase in
tapping performance for the trained sequence, but also, to a lesser
extent, for an untrained sequence. Thus, the present results are
in line with these findings and extend them, since they show that
the trained and an untrained sequence may equally benefit from
mental practice.

It has been shown that the learning of the abstract structure
of a sequence (i.e., the relationship between repeating elements)
can be generalized to an isomorphic sequence (Dominey et al.,
1998). For example, the sequences ABCABC and DEFDEF share
the same format as they follow the rule 123123 (Dominey et al.,
1998). Considering that the two six-element sequences used in
the present experiment shared the same abstract structure (i.e.,
122121), part of the non-specific learning observed might be due
to the acquisition of that structure, an acquisition that could have
helped the anticipation of the subsequent element of the sequence
even in the untrained sequence. Also, as the learning of a sequence
develops, its coding in motor coordinates develops (Hikosaka et al.,
2002), thus reducing the speed to perform each movement of the
sequence. The“strengthening”of the specific motor representation
for the dorsiflexion and the plantar flexion during mental practice
of the specific sequence could thus have been transferred to the
non-specific sequence since both sequences were composed of the
same two movements.

Finally, it is also very interesting that mental practice based
on MI and on VR induced a similar non-specific effect. This lat-
ter result suggests that similar processes are potentially engaged
during MI training and VR.
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RETENTION AFTER SEVERAL MONTHS WITHOUT PRACTICE
Another novel finding of this study is that there was a similar
decrease in performance in the MI and VR groups after about
6 months without practice, whereas no significant decrease was
observed in the control group (who had improved less than the
other groups during training). Hence, the level of performance
in the three groups was equivalent at the retention session. This
suggests that physical practice was the key element for long-term
retention of this sequential motor task, and that MI and VR offered
a boost in performance that was present during training only. To
our knowledge, this is the first time that mental practice effects
were assessed at such a long-term follow up. Most of the studies on
mental practice with MI, either in Sport, Psychology, or Medicine,
have investigated learning effects of MI training, with simple pre-
training/post-training designs (see Schuster et al., 2011). Hence,
this result raises a potentially important limit of mental practice,
at least for a sequential motor task that must be performed at
maximum speed. Further studies should explore long-term effects
of mental practice on different parameters of motor performance,
such as accuracy or strength. Finally the fact that the decrease in
performance at retention was similar in the MI and VR groups
once again suggests that similar processes could be involved in
both forms of mental practice.

MOTOR IMAGERY
Beyond the investigation of the impact of mental practice, our
results also add to the literature on psychophysical studies of MI.
Several chronometric studies have shown that the time taken to
imagine a movement is similar to that taken to execute the same
movement (Decety et al., 1989; Sirigu et al., 1995; Papaxanthis
et al., 2002; see Guillot and Collet, 2005). However, while this
might be true at the level of group analysis, comparison of indi-
vidual data from the actual and imagined sequences in the present
study showed that each subject had his or her own strategy for
imagining movements, and that this strategy remained fairly con-
stant from one session to the next. Indeed, we found that, on an
individual basis, subjects often under-estimated or over-estimated
the time it took to actually complete the sequences during MI of
the task. In addition, subjects remained either under-estimators or
over-estimators even after extensive MI training. This suggests that
the temporal congruence between imagined and executed perfor-
mance is related to individual differences and that it does not only
reflect the level of MI ability per se. Finally, the lack of significant
changes in the KVIQ scores after extensive MI training also sup-
ports the notion that some characteristics of subjects’ MI ability
(in this case their subjective rating of MI vividness) are relatively
stable, at least over a few weeks.

LIMITS
At least two limitations of this study should be acknowledged.
First, the number of subjects included was relatively small. In
particular, the fact that seven subjects did not attend the reten-
tion session leads us to interpret the retention results with some
caution. Second, mental practice was performed at home and
although subjects reported to comply with the instructions not to
move during practice, EMG activity was not controlled during the
training sessions. It is thus possible that some subjects may have

not totally inhibited their movements during MI training. Note
however, that subjects imagined the sequence without any EMG
activity at sessions 1 and 6.

CONCLUSION
Taken together, the results of the present experiment show that
mental practice based on MI and on VR improved the speed
to perform a sequential motor task and that this improvement
was similar between the MI and VR groups. Although further
research is needed to confirm the impact of VR on motor perfor-
mance, the present results thus suggest that VR could be a useful
alternative to MI when using mental practice. It is now well estab-
lished in the literature that the use of mental practice with MI
can provide an adjunct to traditional physical therapy in a reha-
bilitation setting where specific series of movements often need to
be learned or re-learned (see Dickstein and Deutsch, 2007; Mal-
ouin and Richards, 2010; Malouin et al., 2013). However, some
neurological patients could encounter more difficulties to imag-
ine movements (which is a cognitively demanding activity) than
labeling them. The use of VR instead of MI during mental prac-
tice – at least in the first stages of mental training – with these
patients could thus be of particular interest; this remains to be
tested.
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Objective: To investigate the beneficial and adverse effects of a mental practice
intervention on activities, cognition, and emotion in patients after stroke, patients with
Parkinson’s disease or multiple sclerosis.

Methods: Electronic databases PubMed/Medline, PEDro, Science Direct, Cochrane
Library, PsycINFO, Rehadat, Embase, and Picarta were searched until June 2012. Fourteen
randomized controlled trials in stroke and two randomized controlled trials in Parkinson’s
disease were included, representing 491 patients (421 with stroke). No randomized
controlled trials in multiple sclerosis were identified. The methodologic quality of the
included trials was assessed with the Amsterdam-Maastricht-Consensus-List (AMCL).
Information on study characteristics and outcomes was summarized and evidence for
effects described. Data from individual studies in stroke with same outcome measures
were pooled.

Results: The included 16 randomized controlled trials were heterogeneous and
methodologic quality varied. Ten trials reported significant effects in favor of mental
practice in patients with stroke (n = 9) and Parkinson’s disease (n = 1). In six studies
mental practice had similar effects as therapy as usual (n = 5 in stroke and n = 1 in
Parkinson’s disease). Of six performed meta-analyses with identical measures in stroke
studies only two showed significant effects of mental practice: short-term improvement of
arm-hand-ability (ARAT: SMD 0.62; 95% CI: 0.05 to 1.19) and improvement of performance
of activities (NRS: SMD 0.9; 95% CI: 0.04 to 1.77). Five studies found effects on cognition
(e.g., effects on attention, plan actions in unfamiliar surroundings) and four reported
observed side-effects, both positive (e.g., might increase motivation and arousal and
reduce depression) and negative (e.g., diminished concentration, irritation).

Conclusions: Mental practice might have positive effects on performance of activities
in patients with neurological diseases, but this review reports less positive results
than earlier published ones. Strengths and limitations of past studies are pointed out.
Methodologic recommendations for future studies are given.

Keywords: neurorehabilitation, mental practice, systematic review, meta-analysis

INTRODUCTION
Neurological pathologies affect many patients profoundly, caus-
ing loss of activities, which often leads to intensive rehabilitation
periods (Munneke et al., 2010; Keus et al., 2012). Three often
researched neurological conditions of the upper motor neu-
ron are stroke, Parkinson’s disease, and multiple sclerosis. The
complexity and intensity of neurological multidisciplinary reha-
bilitation leads to high costs, which will increase as the numbers
of patients with a neurological disorder rise (Evers et al., 2004;
Struijs et al., 2005; Findley, 2007).

While it is reasonably established that the overall process of
neurological rehabilitation is effective, there is little evidence to

support many specific rehabilitation therapeutic techniques (Keus
et al., 2007a; Langhorne et al., 2009). Currently task orientated
practice (i.e., practising a meaningful activity within the context
of relevance) and intensity are considered the basis for effective
therapeutic techniques (Trombly and Wu, 1999; Langhorne et al.,
2009).

Mental practice of tasks is a relatively new therapy that is
receiving a lot of attention within rehabilitation research (de
Vries and Mulder, 2007; Langhorne et al., 2009). Mental prac-
tice can be defined as: “The repetition or rehearsing of imagined
motor acts with the intention of improving their physical execu-
tion” (Malouin and Richards, 2010). Practicing a skill mentally
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is a potential method to increase the amount of practice during
rehabilitation in a safe way with relatively low costs. After ini-
tial learning, the mental practice technique can be practiced by
the patient independent from the therapist, location, and time
of the day.

Over the last decade, many articles investigating the effects of
mental practice have been published, including five systematic
reviews (Braun et al., 2006; Zimmermann-Schlatter et al., 2008;
Nilsen et al., 2010; Barclay-Goddard et al., 2011; Cha et al., 2012).
Within neurological rehabilitation, the reviews are restricted to
evidence of mental practice in stroke populations. Four reviews
focused on upper limb abilities (Zimmermann-Schlatter et al.,
2008; Nilsen et al., 2010; Barclay-Goddard et al., 2011; Cha
et al., 2012). All reviews included a relatively small number of
randomized or clinically controlled trials [four (Zimmermann-
Schlatter et al., 2008), five (Braun et al., 2006; Cha et al., 2012),
or six (Nilsen et al., 2010; Barclay-Goddard et al., 2011) trials].
The total number of participants on which the evidence was
based within the separate reviews ranged from 86 (Zimmermann-
Schlatter et al., 2008) to 146 (Cha et al., 2012). All systematic
reviews conclude that mental practice might be a potential tool
to improve motor functions and activities, but that no definite
conclusions on the effects of mental practice can be drawn yet,
because the evidence base is relatively small. In addition, the
reviews recommend that future research should include identifi-
cation of who will probably benefit most from mental practice,
incorporate follow up measuring points (retention) and inves-
tigate whether there are differences in effects of the kind of
imagery used (e.g., kinesthetic vs. visual imagery and first vs. third
person’s view).

Despite the number of recent reviews, there is a need for
constant updates of evidence because of the increasing numbers
of publications and developments made in this specific area of
expertise. Barclay-Goddard et al. (2011) described on-going tri-
als in their Cochrane review in 2011 and estimated that with
those studies included the population size on which the evi-
dence would be based would triple (well over 400 participants
included). Indeed new studies including some with relatively large
sample sizes have been published recently (Ietswaart et al., 2011;
Welfringer et al., 2011; Braun et al., 2012; Schuster et al., 2012)
and have not yet been included in a review.

Studies assessing the potential of mental practice up until
now focused mainly on physical effects. Nilsen et al. (2010)
concluded in their review that the variety of effects should be
reported more extensively and investigated in future research and
Barclay-Goddard et al. emphasize that side-effects, compliance,
and integrity should be monitored more closely and reported in
future studies (Barclay-Goddard et al., 2011). Mental practice has
been shown to regulate arousal, increase control of emotions and
improve self-awareness and self-confidence in athletes (Murphy
and Jowdy, 1992; Martin et al., 1999) and increase quality of life
in patients with breast-cancer (Freeman et al., 2008). At the same
time mental imagery may lead to negative side-effects in some
patients with complex regional pain syndrome: pain and swelling
increased after mental practice use (Moseley et al., 2008).

Although the evidence is yet inconclusive mental practice is
recommended to improve arm-hand-abilities in stroke guidelines

(Royal College of Physicians of London, 2008; Australian Stroke
Foundation, 2010).

Besides in stroke, mental practice has been used in patients
with Parkinson’s disease and multiple sclerosis. Although it is not
possible to compare these target populations in terms of pathol-
ogy, symptoms, and recovery pattern, the clinical approach for
all three patient groups share considerable similarities (e.g., the
mental practice instructions given in clinical practice). Within
rehabilitation all groups need intensive, task relevant practice.
The underlying hypothesis for the value of mental practice is
the same: (1) activation of brain regions related to motor func-
tion (Johnson, 2000; Cunnington et al., 2001) and (2) increase
of intensity of practice without the need to take issues related to
safety and physical fatigue into account (Keus et al., 2007b; van
Peppen et al., 2007).

The effects of mental practice in Parkinson’s disease and mul-
tiple sclerosis have not been taken into account in earlier reviews.

The main objective of this study was to undertake a system-
atic review and a meta-analysis of randomized controlled trials
investigating the beneficial and adverse effects of a mental practice
intervention on activities, cognition, and emotion in patients after
stroke, patients with Parkinson’s disease or patients with multiple
sclerosis.

Strengths and limitations of past studies will be pointed out
in order to give recommendations in the discussion section
on the content and organization of future trials (Craig et al.,
2008).

METHODS
An overview of the search strategy, selection criteria, quality
assessment, and meta-analysis is given in Figure 1.

DATA SOURCES
Computer-aided search was performed by four researchers (Susy
Braun, Melanie Kleynen, Tessa van Heel, Nena Kruithof) using
PubMed/Medline, PEDro, Science Direct, Cochrane Library,
PsycINFO, Rehadat, Embase, and Picarta. The authors hand-
searched reference lists of obtained articles (reference and author
tracking). Key words used were: stroke, Parkinson’s disease, mul-
tiple sclerosis, mental practice, movement and motor imagery,
motor learning, rehabilitation, physical therapy, occupational ther-
apy, activities of daily living. These search terms were used
in Dutch and German articles as well and were translated if
necessary. The detailed search strategy is available from the
authors.

STUDY SELECTION
Type of study
The studies selected in the review were all available randomized
controlled trials in English, German, and Dutch up to June 2012
that reported the effects of mental practice on the improvement
of activities during the rehabilitation of adult participants after
stroke, with Parkinson’s disease or multiple sclerosis. In cross-over
trials, only the first phase of the study was taken into account.
A study with mixed population was only selected if the major-
ity (over 50%) of participants had been diagnosed with stroke,
Parkinson’s disease, or multiple sclerosis.
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Objective:  
To evaluate the effects of mental practice in patients after stroke,  

with Parkinson’s disease (PD) or Multiple Sclerosis (MS) 
  

Study Selection: 
- Randomized controlled trials (RCTs) in English, German and Dutch  
  up to June 2012 
- Adult patients (>18 years old), diagnosed with stroke, PD or MS 
- Mental practice therapy; any task aiming at improving activities  

Records identified through database search n= 367 
  

- Cochrane library (n =25) - Pubmed/Medline (n=66) 
- PsycINFO (n=103) - PEDro (n=58) 
- Rehadat (n=5) - Science Direct (n=43) 
- Embase (n=60) - Picarta (n=7) 
  
   

Additional records identified though reference and 
author tracking n=0 
  

n=367 records screened by 
two independent subjects  

Excluded n=346 

n=21 full-text articles assessed for 
eligibility 

 

 n=5 full-text articles excluded because: 
 -  The study was not a RCT (n=3)  
  (Dijkerman et al., 2004; Hwang et al.,  
  2010;  Kim et al., 2011) 

-  The physical effects were only measured 
on the ICF-body function level (n=1) 

(Page et al., 2000) 
- Imagery was combined with circuit class 

training (n=1) (Verma et al.,2011) 

n=16 studies were included in the qualitative analysis  
Stroke n=14 
PD n=2 
MS n=0 

n=9 studies were included in the quantitative 
analysis 
(Bovend'Eerdt et al., 2010; Braun et al., 2012;  
Ietswaart et al., 2011; Liu et al.,2004, Page et 
al,. 2001, 2005, 2007, 2009; Welfringer et al., 
2011) 

 

n=7 studies were excluded from the quantitative analysis because of 
-  Missing data (n=4) (Liu, 2009; Liu et al., 2009; Muller et al., 2007;

Riccio et al., 2010) 
-  Clinical important differences between groups at  baseline (n=1) 

(Schuster et al., 2012) 
- Heterogeneity in outcome measures (PD, n=2) (Braun et al., 2011; 

Tamir et al., 2007) 

FIGURE 1 | Overview of literature search. Abbreviations: MP, mental practice; PD, Parkinson’s disease; MS, multiple sclerosis; RCTs, randomized controlled
trials.

Type of intervention
The mental practice intervention could be added to therapy (e.g.,
using a taped instruction), embedded in therapy (e.g., problem-
solving strategies in which overt movements are combined with
mental practice during physical or occupational therapy) or given

as an independent intervention. Studies in which special equipment
was required (such as electro-myographic stimulation and feed-
back or forms of virtual reality with computer simulation) were
excluded. The content of the control intervention should allow the
assessment of possible effects of a mental practice intervention.
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Type of outcome
Outcome measures can be divided into categories according to
the international classification of the World Health Organization
(ICF; WHO, 2013) of “function” (e.g., a function could be “pain”
measured with a “numeric rating scale”), “activity” (e.g., an activ-
ity could be “standing up from a chair” measured with a “timed
up and go”) and “participation” (e.g., participation could be “pro-
viding meals” or “performing (paid) work”). For patients it is
important that interventions reduce activity limitations to enable
participation in society after returning home. Randomized con-
trolled trials were selected if at least one measure was used for
assessing physical effects on the activity level.

DATA EXTRACTION AND QUALITY ASSESSMENT
Screening on tittle and abstract was performed by two researchers
(Susy Braun, Melanie Kleynen) independently. If based on the
information in the abstract, it was not clear whether the study
should be included the full-text of the article was assessed.

Methodologic quality assessment of the studies was assessed
using the Amsterdam-Maastricht Consensus List for Quality
Assessment (AMCL; Van Tulder et al., 2003). The AMCL was
originally developed by van Tulder et al. for the Cochrane
Collaboration Back Group and includes all criteria of other
prominent quality scales like the Delphi List (Verhagen et al.,
1998). It rates a study’s internal validity and statistical report-
ing using an 11-point scale (12 criteria), with higher scores
indicating higher quality. Each criterion was scored either pos-
itive (+, 1 point), negative (−, 0 points), or unclear (?,
0 points), leading to a maximum score of 11 points per
study (1 point for the items 2–11; ½ point for the items
1a and 1b).

To increase uniformity in the assessment the validity cri-
teria were defined and then discussed by the two researchers
(Susy Braun, Melanie Kleynen). Each item of the AMCL was
explained in a separate document that provided uniform oper-
ationalization of criteria. In the Appendix the definitions and
cut-offs of the criteria of the AMCL are described (Table A1).
For example “an acceptable percentage of withdrawals” (crite-
rion 7) was defined as: 10% during the intervention period
and from the remaining sample 10% during follow-up as sug-
gested by Van Tulder et al. (2003) Compliance (criterion 5)
was considered acceptable if participants themselves or thera-
pists and relatives reported that the participants followed the
given instructions. A follow-up period (criterion 10) of at least 3
months was considered clinically relevant for this type of inter-
vention. For these last two mentioned criteria (criteria 5 and
10) reviews of other interventions within health care were used
as standard, for generally accepted references in literature were
not found (Huibers et al., 2003; Van Tulder et al., 2003). If
disagreement on the scores persisted, a third researcher (Anna
Beurskens) was approached to reach consensus. A study was
defined as being of “sufficient quality” if the score was equal to
or above six points. As standard references from the literature are
missing, the cut-off was defined by the authors after references
from other reviews in physical therapy were taken into account
(van Tulder et al., 2001; Van Tulder et al., 2003; Huibers et al.,
2003).

Authors of the included articles were contacted to clarify the
items on which a question mark was scored. Both scores (blinded
assessment as well as after contact with authors) are presented.

Information was extracted from each included trial on: (1)
study and population (including number of participants and
mean age); (2) type of intervention. We for instance wanted
to know if an instruction period for therapists and participants
was embedded within the mental practice intervention period
(e.g., stepwise approach, tools to check compliance) and what
the content of the mental imagery session would be (e.g., what
activities were rehearsed and how the imagery was instructed
e.g., tape, therapist.); (3) type of outcome measure for physi-
cal recovery (primary and secondary measurements, assessment
time points, and follow-up period); (4) conclusion (is mental
practice recommended and what are the (significant) effects on
physical recovery). The conclusions were based on the results
and conclusions in the articles but summarized by the inde-
pendent researchers; (5) All included articles were screened
on possibly reported effects on cognition or emotion as well
as side-effects (quantitative and qualitative measures). If (sec-
ondary) measures were used to consciously search and systemat-
ically identify effects on cognition or emotion within the study
design the results were categorized as “effects.” Side-effects are
described as effects that were not intended, but were observed
and reported. These side-effects could be therapeutic (posi-
tive) or adverse (negative). Both independent reviewers extracted
data from the full papers by using a pre-structured standard
form.

DATA SYNTHESIS OF THE META-ANALYSIS
A meta-analysis was conducted using Review Manager version
5.1.6. (The Nordic Cochrane Centre TCC, 2011). Post interven-
tion scores and if possible follow-up scores (at least 3 months)
were used. Short- and long-term effects of the intervention were
distinguished for two reasons: initial effects might extinguish over
time and most studies did not perform a follow-up. Data from
both measuring moments were analysed separately. Studies were
excluded from the analyses if not all necessary data was provided
in the article. No data was imputed.

If a study included two control groups, mental practice was
compared to the group with the least chance of improvement
(e.g., control group). If no significant differences were found
between those groups, it was assumed that no differences would
be found between the two experimental groups.

Studies with identical physical effect measurement instru-
ments or studies with instruments measuring the same construct
were pooled. The Mean Difference (MD) and 95% confidence
interval (95% CI) was used if data was based on identical mea-
surement instruments and the Standardized Mean Difference
(SMD) for data based on different measurement instrument.
Statistical heterogeneity was assessed using the I2-statistic. If I2

was greater than 50% outcomes were pooled using SMD with a
random effects model. If there was a big variance in Standard
Deviations (SD) across studies, reflecting differences in the real
variability of outcomes, we also used the SMD. Sensitivity anal-
ysis was done to investigate the influence of studies with ACML
scores below 6 (lower quality studies). If for instance data were
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pooled from studies with both lower and high quality, the analy-
sis was performed first with all studies and then repeated without
the lower quality studies (Barclay-Goddard et al., 2011).

RESULTS
In total 367 articles were identified in Pubmed/Medline (n = 66),
PEDro (n = 58), Science Direct (n = 43), Cochrane Library (n =
25), PsychINFO (n = 103), Rehadat (n = 5), Embase (n = 60),
and Picarta (n = 7) and 346 were rejected based on title and
abstract due to the following reasons: (1) the study was not a
randomized controlled trial; (2) the study population did not
meet the inclusion criteria; (3) the use of mental practice consid-
ered specific equipment; (4) physical effects were only measured
on the ICF-body function level; (5) a combination of the rea-
sons above. Of the 21 remaining studies another five articles were
excluded after reading the document full-text: one of the studies
investigated the effects of mental practice only on the ICF-body
function level (only the Fugl Meyer Assessment was used as out-
come measure; Page, 2000), three studies were not a randomized
controlled trial (Dijkerman et al., 2004; Hwang et al., 2010; Kim
et al., 2011), and the last article which was excluded compared
imagery combined with circuit class training with Bobath. As
the control study did not involve circuit class training, it was
unclear what the surplus of the imagery training would be (Verma
et al., 2011). Furthermore, the effectiveness and efficiency of cir-
cuit training has been established in earlier research (van de Port
et al., 2012).

No new articles were retrieved by using reference- and author
tracking, leading to a total of sixteen included studies of which
14 in stroke patients and two in patients with Parkinson’s dis-
ease. No randomized controlled trials with patients with multiple
sclerosis were found. In total, 491 participants were included in
this systematic review; 421 participants after stroke and 70 partic-
ipants with Parkinson’s disease. The total number of participants
in a single study varied from 10 (Page, 2000) to 121 participants
(Ietswaart et al., 2011). Group sizes for the experimental interven-
tion varied from 5 to 39 and for the control intervention from 5
to 32 (Page et al., 2009; Ietswaart et al., 2011).

EFFECTS PHYSICAL OUTCOME AND METHODOLOGIC QUALITY
The scores on the AMCL (range 0–11 points) of the included
studies varied from 3.5 to 8 points after blinded assessment of
the reviewers. After additional information was retrieved through
authors contact (directly or through earlier confirmed informa-
tion by the authors in the Cochrane review (Barclay-Goddard
et al., 2011)) to clarify the questions marks the scores ranged from
6 to 9 points (Table 1).

Based on the scores after assessment of the articles by the inde-
pendent reviewers of the text only, 11 of the 16 studies scored 6
points or more and were considered to have sufficient method-
ologic quality (Page et al., 2001, 2005, 2009; Liu et al., 2004;
Tamir et al., 2007; Liu, 2009; Bovend’Eerdt et al., 2010; Braun
et al., 2011a, 2012; Ietswaart et al., 2011; Welfringer et al., 2011).
After additional information was processed three more studies
came to a total score above six points (Page et al., 2007; Riccio
et al., 2010; Schuster et al., 2012). Of these 14 studies with at least
sufficient quality, half (n = 7) showed overall positive effects of
mental practice on arm-hand-function, activities of daily living

and mobility of which six in stroke (Page et al., 2001, 2005, 2007,
2009; Liu et al., 2004; Riccio et al., 2010) and one in Parkinson’s
disease (Tamir et al., 2007). In three high quality studies in stroke
positive results were found in favor of the experimental group but
not on all outcome measures (Liu, 2009; Welfringer et al., 2011;
Schuster et al., 2012) and four high quality studies reported sim-
ilar effects in the control and experimental group, of which three
in stroke (Bovend’Eerdt et al., 2010; Ietswaart et al., 2011; Braun
et al., 2012) and one in Parkinson’s disease (Braun et al., 2011a).
Of the two remaining low quality studies in stroke, one study
did not find significant differences between groups (Muller et al.,
2007) and one study had mixed results (Liu et al., 2009).

EFFECTS ON PHYSICAL OUTCOMES IN RELATION TO PATIENT
CHARACTERISTICS
Study characteristics of the included randomized controlled trials
are shown in Table 2.

Age of the participants varied from 40 to 84 years. The time
post-stroke differed greatly, ranging from 0 to 7 days after stroke
(Liu et al., 2009) to the chronic phase of recovery (>6 months
after stroke; Page et al., 2007; Schuster et al., 2012). The average
time after the diagnosis of participants with Parkinson’s disease
was between 5.2 and 7.8 years. Based on these qualitative descrip-
tions mental practice seems to have potential effects in all ages of
participants and phases of stroke recovery. In participants with
Parkinson’s disease, effects of mental practice were more often
reported in the two included studies in participants with Hoehn
and Yahr stage 1 or 2.

EFFECTS ON PHYSICAL OUTCOMES IN RELATION TO INTERVENTION
CHARACTERISTICS
Six studies embedded mental practice in therapy (Liu et al., 2004,
2009; Tamir et al., 2007; Bovend’Eerdt et al., 2010; Braun et al.,
2011a, 2012), nine studies added mental practice to therapy (Page
et al., 2001, 2005, 2007, 2009; Muller et al., 2007; Liu, 2009; Riccio
et al., 2010; Ietswaart et al., 2011; Welfringer et al., 2011) and
one study investigated both embedded and added mental practice
(Schuster et al., 2012).

The intervention in the control group varied from a single
intervention like relaxation therapy (Page et al., 2005, 2007),
(general) information (Page et al., 2001), embedded therapy as
usual (Muller et al., 2007; Tamir et al., 2007; Page et al., 2009;
Bovend’Eerdt et al., 2010; Riccio et al., 2010; Braun et al., 2011a,
2012; Ietswaart et al., 2011; Welfringer et al., 2011; Schuster et al.,
2012) to therapy according to the demonstration-then-practice
method (Liu, 2009; Liu et al., 2004, 2009).

The activities or skills practiced in the intervention group
could be restricted to only movements of the arm (e.g., drink-
ing from a cup; Page et al., 2005) or could contain complex tasks
involving the entire body (e.g., going to the park; Liu et al., 2009).
Frequency of the intervention varied from two to five times a
week, while the intervention lasted between 30 and 60 min per
session and continued for 2 to 10 weeks. The included stud-
ies used different types of imaging (Mulder, 2007): participants
were offered kinesthetic motor imagery (Page et al., 2005; Riccio
et al., 2010; Ietswaart et al., 2011; Welfringer et al., 2011), or a
combination of kinesthetic and visual motor imagery (Page et al.,
2001, 2007, 2009; Liu et al., 2004, 2009; Muller et al., 2007; Tamir
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et al., 2007; Liu, 2009; Bovend’Eerdt et al., 2010; Braun et al.,
2011a, 2012; Schuster et al., 2012).

Based on these qualitative descriptions it seems that different
kind of interventions may have potential effects on activities (e.g.,
embedded and added mental practice were both reported effective
and ineffective in different studies).

EFFECTS ON COGNITION OR EMOTION AND SIDE-EFFECTS
Five studies reported effects on cognition (Liu et al., 2004, 2009;
Tamir et al., 2007; Liu, 2009; Welfringer et al., 2011) which
were measured with the Stroop test (part B) in participants with
Parkinson’s disease (Tamir et al., 2007), the Color Trails Test
(CTT; Liu et al., 2004) and the Cognistat (Liu, 2009) in partici-
pants after stroke (Table 2). Participants with Parkinson’s disease
seemed to have an increase in attention and concentration after
the mental practice intervention period (Tamir et al., 2007). In
the studies by Liu et al. (2004, 2009); Liu (2009) the mental
practice intervention involved strategy training and participants
after stroke seemed to be more able to form cognitive maps of
routes and plan actions in unfamiliar surroundings compared to
the participants in the control group. Earlier positive findings on
the CTT were however not repeated in a later study using the
Cognistat (Liu et al., 2004; Liu, 2009).

Positive observed side-effects reported in the stroke trials
were increased autonomy (Braun et al., 2012) and increased
sensations in and awareness of the left arm (Welfringer et al.,
2011). In Parkinson’s disease research there was some indication
that imagery might increase motivation and arousal and reduce
depression (Tamir et al., 2007).

Two studies reported acute adverse side-effects of mental prac-
tice (Braun et al., 2011a, 2012) like “too much effort,” “not worth-
while,” and “too confronting.” Some participants after stroke

showed diminished concentration and signs of tiredness at the
end of mental practice training sessions (Welfringer et al., 2011).

DATA SYNTHESIS OF THE META-ANALYSIS
The meta-analysis was conducted using a selection of the stud-
ies in stroke in which the same physical outcome measurement
instruments were used (Table 3).

A meta-analysis in participants with Parkinson’s disease was
not possible. Both studies use the Timed up and Go as an out-
come measure, but Tamir et al. did not report the exact data (only
figures provided; Tamir et al., 2007). Several outcome measures
which had been used in at least two studies were excluded because
of missing data (Motricity Index, Pinch/Hand force; Muller et al.,
2007; Riccio et al., 2010). The study of Schuster et al. (2012)
was excluded because of clinical important differences between
groups at baseline. Six times data could pooled in a meta-analysis.
No sensitivity test could be performed as all studies that could be
pooled were of at least sufficient quality.

RESULTS ON MOBILITY—RIVERMEAD MOBILITY INDEX
Data were available from two studies (Bovend’Eerdt et al., 2010;
Braun et al., 2012) that randomized a total of 64 and 58 par-
ticipants respectively. Pooling did not lead to significant effects
assessed with the Rivermead Mobility Index directly after the
intervention (p = 0.72; MD: −0.82; 95% CI: −3.04 to 1.41) nor
at follow-up (p = 0.75; MD: −0.40; 95% CI: −2.90 to 2.10).

RESULTS ON ARM-FUNCTION—ACTION RESEARCH ARM TEST
(FIGURE 2)
Data were available from seven studies (Page et al., 2001, 2005,
2007, 2009; Bovend’Eerdt et al., 2010; Ietswaart et al., 2011;
Welfringer et al., 2011) that randomized a total of 197 partic-
ipants. Due to heterogeneity in the SDs of outcomes SMD and

Table 3 | Overview of used measure instruments that could potentially be used in pooling.

Outcome ARAT Pinch NRS/LS MI BBS BI 10 m RMI TUG

STROKE
Page et al., 2001 ×
Liu et al., 2004 ×
Page et al., 2005 ×
Page et al., 2007 ×
Muller et al., 2007 ×
Liu et al., 2009 ×
Liu, 2009 ×
Page et al., 2009 ×
Riccio et al., 2010 ×
Bovend’Eerdt et al., 2010 × × × ×
Ietswaart et al., 2011 × × ×
Welfringer et al., 2011 ×
Braun et al., 2012 × × × × × ×
Schuster et al., 2012 × ×
PARKINSON’S DISEASE
Tamir et al., 2007 ×
Braun et al., 2011a × × ×
Abbreviations: ARAT, Action Research Arm Test; NRS/LS, Numeric Rating Scale/Likert Scale; MI, Motricity Index; BBS, Berg Balance Scale; BI, Barthel Index; 10 m,

10 m walking test; RMI, Rivermead Mobility Index; TUG, Timed Up and Go. Gray Shading: Data could be pooled.

Frontiers in Human Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 390 | 51

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Braun et al. Mental practice in neurorehabilitation

FIGURE 2 | Results of pooling for ARAT: short-term effects. Abbreviations: ARAT, Action Research Arm Test; SD, standard deviation; 95% CI, 95%
confidence interval.

random-effect model were used. Pooling led to significant short-
term effects on the Action Research Arm Test (p = 0.03;SMD
0.62; 95% CI: 0.05 to 1.19). No data for long-term effects could
be pooled.

RESULTS ON FUNCTIONING IN ACTIVITIES OF DAILY
LIVING—BARTHEL INDEX
Data of the Barthel Index were available from three studies
(Bovend’Eerdt et al., 2010; Ietswaart et al., 2011; Braun et al.,
2012) on short-term that randomized a total of 135 participants.
Pooling did not show significant effects (p = 0.31; MD: 0.87; 95%
CI: −0.80 to 2.53). No significant effects were found at follow-up
either (p = 0.75; MD:0.46; 95% CI: − 2.36 to 3.27). Data for
long-term effects were available from two studies (Bovend’Eerdt
et al., 2010; Braun et al., 2012) that randomized a total of 57 par-
ticipants. The study of Liu (Liu et al., 2009) used the modified
Barthel Index and was therefore excluded from pooling in both
meta-analyses.

RESULTS FROM FUNCTIONAL ACTIVITIES—NUMERIC RATING SCALE
(FIGURE 3)
Four studies (Liu et al., 2004, 2009; Liu, 2009; Braun et al., 2012)
used a numeric rating scale to assess the performance of func-
tional activities. Two studies were excluded from the analyses
because they did not provide any point estimates (Liu, 2009; Liu
et al., 2009). The data of the studies by Braun et al. and Liu et al.
were pooled using SMD because Braun et al. (2012) used a 10-
point scale whereas Liu et al. (2004) used a 7-point scale. Liu
et al. provide data of the average score of five activities that was
used for the analyses. Braun et al. provided scores of the NRS
of drinking, walking, and two self-chosen activities. We used the
data of the most promising result (biggest different between the
experimental and the control group) this was the score of the
self-chosen activity for the lower limb. Data of 78 participants
could be pooled and a marginal significant overall effect on short-
term was found. (p = 0.04; SMD 0.9; 95% CI: 0.04 to 1.77). No
long-term data could be pooled.

DISCUSSION
This present review included 16 randomized controlled trials
(14 in stroke and two in Parkinson’s disease) involving 491

participants (of which 70 in Parkinson’s disease) and shows some
benefits of a mental practice intervention on arm hand ability
(Page et al., 2001, 2005, 2007, 2009; Bovend’Eerdt et al., 2010;
Ietswaart et al., 2011; Welfringer et al., 2011) and mobility (Liu
et al., 2004; Braun et al., 2012) after stroke. Of the 14 iden-
tified studies only 6 showed overall effects in favor of mental
practice.

No firm conclusions can be drawn from the existing evidence
with regard to the effectiveness of mental practice in participants
with Parkinson’s disease. No randomized controlled trials within
the multiple sclerosis target group were found. Two recently
published non-randomized studies investigated the mental prac-
tice ability of patients with multiple sclerosis (Heremans et al.,
2012a,b). There seems to be a potential use of mental prac-
tice in patients with multiple sclerosis. The studies reported in
this review remain small (sub groups ranging from 5 to 39 par-
ticipants), the populations studied vary greatly in most clinical
domains, and the outcomes studied also differ a lot. The method-
ologic quality of the studies ranged from 3.5 to 8 points on
the AMCL assessment scale after blinded assessment and also
after additional information from the authors was taken into
account. This review also finds some evidence for effects on
cognition and emotion (e.g., effects on attention, plan actions
in unfamiliar surroundings) and reports several observed side-
effects (e.g., might increase motivation and arousal and reduce
depression, but may also lead to diminished concentration and
irritation).

Four recent zero trials (Bovend’Eerdt et al., 2010; Ietswaart
et al., 2011; Braun et al., 2012; Schuster et al., 2012) have
been added to the body of knowledge on mental practice (n =
226), accounting for about half of the total number of par-
ticipants within all 14 included trials in stroke. Within these
zero trials the sample sizes are bigger and more heterogeneous.
In addition, more measures on activity level in more general
sense were used within these later trials (Barthel Index, BI, and
Rivermead Mobility Index, RMI). One could hypothesize that the
effects of mental practice are mainly related to aspects as veloc-
ity, precision, and coordination of a movement. Improvement
in these specific effects of mental practice are perhaps not or
hardly detectable with these more generic measures contrary
to f.i. the ARAT. In the ARAT and the NRS meta-analyses
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FIGURE 3 | Results of pooling for NRS: short-term effects. Abbreviations: NRS, Numeric Rating Scale; SD, standard deviation; 95% CI, 95% confidence
interval.

outcome of both zero and positive trials were pooled, lead-
ing to small effect sizes for mental practice in these outcome
measures.

Imagery research is still booming and after our search was
completed (June 2012) results of new trials were published (f.i.
two recent studies on the effects of imagery on gait (Cho et al.,
2012; Guttman et al., 2012)). These studies however remain rel-
atively small, but adding new trials to the models could still
overturn the results (Langhorne et al., 2009).

STUDY LIMITATIONS
There is a possibility that studies were missed due to inconsistency
in terminology used in databases (e.g., mental practice, motor
imagery, movement imagery).

The varied clinical populations in this review can be seen as
a limitation. This review however does summarize the existing
information in neurorehabilitation about a widely used inter-
vention, which will facilitate the exchange of existing knowledge
and evidence between professionals working with different target
populations. Reviews covering the evidence for specific interven-
tions in multiple target groups, like the recently published one
by Newman and Barker (2012) on supported standing, will help
professionals get a better understanding of the intervention and
potential (side-) effects.

Using assessment scales in general and therefore also the
AMCL for rating methodologic quality leads to some practical
issues. Blinding of therapists and patients is often not possible
in therapeutic interventions like mental practice. If therapists
instruct the patients they are not blind to the type of intervention
they are providing. The same accounts for the patients when they
are asked to actively participate in an intervention. In randomized
controlled trials in which therapeutic interventions (e.g., physio-
therapy and occupational therapy) are researched the assessment
of the randomized controlled trials with any assessment scale will
be lower than in for instance pharmaceutical studies. The highest
possible score on the AMCL of 11 points will decrease in many
therapeutic studies by 2 points, as double blinding is often not
possible.

Different assessment tools were used to rate the quality
of the included studies (PEDro (Nilsen et al., 2010; Barclay-
Goddard et al., 2011), AMCL (Braun et al., 2006), JADAD
(Cha et al., 2012)) in earlier reviews. The PEDRO and AMCL
are derived from the Delphi list and therefore interrelated
(Olivo et al., 2008). The JADAD is a shorter list, most used

even though it was not originally developed for therapeutic
studies (Olivo et al., 2008). Sometimes the studies within the
reviews were categorized into lower and high quality studies
(Braun et al., 2006; Zimmermann-Schlatter et al., 2008; Cha
et al., 2012) and sometimes the authors of trials were contacted
to provided additional information (Barclay-Goddard et al.,
2011).

We contacted the authors to clarify the criteria on which a
question mark was scored after the blinded reviewing assessment
by the independent reviewers was performed. The quality assess-
ment of identical studies may therefore vary within the different
reviews as scores on assessment tools normally go up after addi-
tional information is retrieved. In one review the quality criteria
for assessment of the identified studies were chosen by the review-
ers (Zimmermann-Schlatter et al., 2008). These differences make
it harder to compare the results and recommendations from the
reviews.

Good reporting of trials is important to understanding
changes and effects of mental practice and therefore ongoing
attention to high quality study reports is required (Barclay-
Goddard et al., 2011). Guidelines, like the CONSORT statements
are essential to achieve this.

The biggest problem of researching mental practice is the lack
of consensus on the definition and concept of the intervention.
Heterogeneity within the intervention protocols and outcomes
makes it impossible to conduct an overall pooling and thus to
come to an overall conclusion.

Results from pooling based on identical outcome measures
should be interpreted with caution because of the heterogene-
ity in study populations. Also, results from meta-analyses depend
very much on the data (and models) used. We decided to base
the decision on which model to use on the measurement instru-
ments (identical instruments or instruments measuring the same
construct) and on the variance in SDs across the included studies.
The downside of this flexibility in data/model choice is that it is
harder for the reader to follow what has been done in the anal-
ysis. The biggest and in our opinion more important advantage
is that the outcome is less misleading. Big variation in SDs across
studies reflect differences in the real variability of outcomes and
the use of MD would in our case suggest potential effects which
are probably not there. The study by Ietswaart et al. (2011) with
the largest population would for instance have the lowest weight
in the meta-analysis and studies with relatively small sample sizes
would determine outcome for more than 80%. We tried to correct
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for this heterogeneity in the analysis and we used change scores
instead of effect sizes which might explain to some extend why
our results are less optimistic than the meta-analysis by Cha et al.
(2012). In the meta-analysis by Cha et al. mental practice com-
bined with exercise therapy had an even bigger effect size (ES 0.51;
moderate) then augmented therapy alone (Cha et al., 2012). Two
other reviews (Nilsen et al., 2010; Barclay-Goddard et al., 2011)
performed statistical analyses to synthesize the evidence of six
(Barclay-Goddard et al., 2011) and four (Nilsen et al., 2010) stud-
ies. Differences in statistical analysis approaches should be taken
into account when interpreting and comparing the results.

Publication bias is a potential weakness in all systematic
reviews, as positive or statistically significant findings are more
likely to be published than small trials with non-significant or
negative findings (Thornton and Lee, 2000). The funnel plot
of the ARAT showed indication for publication bias (results
not presented) and should therefore be interpreted with care.
Barclay-Goddard et al. (2011) identified some risk of bias with
regard to concealment of allocation and blinding. Cha et al.
(2012) did not report any significant publication bias in their
investigation.

STRENGTHS AND LIMITATIONS OF PAST STUDIES
Determining effects of complex interventions like mental practice
is complicated (Braun et al., 2011b). A systematic way of assessing
the potential of mental practice could be through the four steps
suggested by the Medical Research Council (Craig et al., 2008).
Until now, most research has been performed in the first two steps
of this model: “determining the working mechanisms” and “pilot-
ing.” Fundamental research has shown that mental practice can be
performed in patients with neurological conditions and showed
that the underlying mechanism is also working in at least parts of
the patient populations.

The past 5 years more research has been published on
techniques that might assist in monitoring and implementing
imagery treatments, like tests (e.g., chronometry, hand-rotation-
test; Malouin et al., 2008a; Simmons et al., 2008) and question-
naires (e.g., KVIQ; Malouin et al., 2007, 2008b). Mental practice
has been explored in different clinical situations and contexts and
a range of different types of intervention, assessed with differ-
ent measures, have been studied. However, the predictive value
of these tests has not been established yet. So we do not know
for sure if people who can image according to questionnaires and
tests will also benefit from it and whether participants who are
at first unable to image, are able to learn and potentially benefit

from imagery. In addition, if imagery tests are used as a selec-
tion tool patients who are unable to perform these tests are often
excluded from research. That is why the study by Welfringer et al.
(2011) is of value. Although the results should be interpreted with
great caution because participants in the control group did not
receive supplementary therapy on top of therapy as usual to con-
trol for mental practice, it is until now the only mental practice
randomized controlled trial in patients with neglect. Researching
feasibility and effects in sub groups that are normally excluded
from research will tell us more about whether mental practice can
be taught and who might benefit.

There are general methodologic issues in rehabilitations trials
(Dobkin, 2007) that also should be considered in mental practice
studies. The main problem is that almost all studies are under-
powered, increasing the chance of type-2 errors. Especially in
mono-centered, small trials the samples are not likely to reflect
the real-world sample.

RECOMMENDATIONS FOR THE DESIGN OF FUTURE TRIALS
Recent negative trials have shown that not all participants with
stroke and Parkinson’s disease benefit from mental practice. At
this point we do not know how to identify the people who might
benefit from mental practice. Sample sizes of future trials should
be large enough to enable sub group and dose-response analyses.
For dose-response analyses adherence, attendance, and compli-
ance should be reported (Barclay-Goddard et al., 2011). Especially
adherence and compliance are difficult to assess as mental practice
is an intervention that takes place in the mind and remains covert
for the therapist. For adherence to mental practice it is essen-
tial that participants can engage in movement imagery. However,
there is no perfect test to assess this ability. Combining some tests
might provide indicators which then might be related to out-
come. Therefore, the imagery ability of every participant should
be assessed before and/or after the mental practice intervention.

The mental practice intervention should be well described.
Both, short- and long-term effects should be measured with
predefined measure instruments to enable comparison of results
among different studies. Effects should not only be sought at the
physical level, but also on emotion and cognition (Nilsen et al.,
2010; Barclay-Goddard et al., 2011). Reporting the opinions on
and experiences with mental practice of people with neurological
diseases, care-givers, and care professionals will provide valuable
information on how to optimize and tailor the mental practice
intervention to the patients’ needs and abilities. Mixed methods
are needed to assess these different components.
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APPENDIX

Table A1 | Amsterdam-Maastricht Consensus List for quality assessment rating criteria.

Item Rating criteria

(1A) Randomization Item has a positive score if the concealment of treatment allocation is explicitly described to be
randomized (e.g., computer generated block randomization)
Note: Quasi-randomization is scored negative (e.g., randomization of dates of birth or day of the week)

(1B) Concealment of allocation Item has a positive score if explicitly is described that the allocation of the intervention was blinded (e.g., a
independent assessor performs the allocation and has no information/influence on who will be allocated to
which group)

(2) Comparable sub groups at baseline Item has a positive score if the study groups are comparable at baseline with the most important
prognostic factors (e.g., comparable mean age and standard deviation in the study groups)

(3) Blinded care provider Item has a positive score if the care provider is blinded regarding treatment allocation (e.g., the care
provider is unaware of the content of the intervention*)

(4) Correction for attention; same
treatment (dose), co-intervention

Item has a positive score if the different intervention groups have the same treatment dose and if
co-interventions are equally divided among the intervention groups. Also, participants in both groups are
asked to provide the same information (e.g., fill in logs) and undergo the same tests (battery)

(5) Acceptable compliance Item has a positive score if participants themselves or therapist and relatives report that the participants
followed the given instructions (e.g., through logs, interviews)

(6) Blinded patient Item has a positive score if patients are blinded regarding treatment allocation and if the method of
blinding is appropriate (e.g., the patient is unaware of the treatment content*)

(7) Acceptable withdrawals during
intervention period

Item has a positive score if the percentage of patients that drop out of the study does not exceed 10%
during the intervention period. Another 10% of loss to follow-up of the remaining sample is set as
acceptable for the follow-up period

(8) Blinded outcome assessor Item has a positive score if the outcome assessors are blinded regarding treatment allocation (e.g.,
independent raters, who are unaware of the treatment group that the participant is in–preferably checked
by asking the rater to predict who is in which group)

(9) Relevance measures Item has a positive score if the measurement instruments allow answering the research question

(10) Timing assessment Item has a positive score if the outcome assessment takes place approximately at the same time in all
intervention groups. Also, a follow-up period of at least 3 months is set to be acceptable

(11) Intention to treat analysis Item has a positive score if all randomized patients are reported for all measuring points and are analysed
according to the group they were originally randomized to

*Blinding of the care provider and of the patient is not always applicable in physical therapy because of the nature of physical therapy interventions (e.g., manual

therapy, exercises). Proper double blinding, therefore, is unlikely to be accomplished for most physical therapy trials (Olivo et al., 2008).
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Many clinical studies have investigated the use of mental practice (MP) through motor
imagery (MI) to enhance functional recovery of patients with diverse physical disabilities.
Although beneficial effects have been generally reported for training motor functions in
persons with chronic stroke (e.g., reaching, writing, walking), attempts to integrate MP
within rehabilitation programs have been met with mitigated results. These findings have
stirred further questioning about the value of MP in neurological rehabilitation. In fact,
despite abundant systematic reviews, which customarily focused on the methodological
merits of selected studies, several questions about factors underlying observed effects
remain to be addressed. This review discusses these issues in an attempt to identify
factors likely to hamper the integration of MP within rehabilitation programs. First,
the rationale underlying the use of MP for training motor function is briefly reviewed.
Second, three modes of MI delivery are proposed based on the analysis of the research
protocols from 27 studies in persons with stroke and Parkinson’s disease. Third, for
each mode of MI delivery, a general description of MI training is provided. Fourth, the
review discusses factors influencing MI training outcomes such as: the adherence to MI
training, the amount of training and the interaction between physical and mental rehearsal;
the use of relaxation, the selection of reliable, valid and sensitive outcome measures,
the heterogeneity of the patient groups, the selection of patients and the mental
rehearsal procedures. To conclude, the review proposes a framework for integrating MP
in rehabilitation programs and suggests research targets for steering the implementation
of MP in the early stages of the rehabilitation process. The challenge has now shifted
towards the demonstration that MI training can enhance the effects of regular therapy in
persons with subacute stroke during the period of spontaneous recovery.

Keywords: motor imagery, motor imagery training, mental practice, stroke rehabilitation, motor skill learning,
stroke, Parkinson’s disease, neurological rehabilitation

INTRODUCTION
The ever-increasing number of publications attests to clinician
expectations of mental practice (MP) through motor imagery
(MI) as a means of promoting the recovery of motor function (for
a review see Malouin and Richards, 2013). MP not only provides
a unique opportunity to increase the number of repetitions in
a safe and autonomous manner without undue physical fatigue,
but it also allows the mental rehearsal of motor tasks when and
where the patient wants to, or is able to, practice. Furthermore,
MP enables the rehearsal of more demanding or complex motor
tasks (e.g., walking, writing) when physical practice is impossi-
ble or too difficult. Yet, despite these obvious advantages, MP is
a complex mental process that is not readily amenable to be inte-
grated into clinical practice. To date, in most published studies,
MP has been used within constrained research environments to
meet the requirements associated with research methodology.

As highlighted by several review papers concerning the use
of MP in rehabilitation, (van Leeuwen and Inglis, 1998; Jackson

et al., 2001; Braun et al., 2006; Dickstein and Deutsch, 2007;
Zimmermann-Schlatter et al., 2008; Dijkerman et al., 2010;
Malouin and Richards, 2010, 2013) there are marked differences
in designs, research protocols, training regimens and outcome
measures among the growing number of studies. Despite this het-
erogeneity, positive effects of MP on motor function have been
generally reported. However, Braun et al. (2006), in a system-
atic review of five selected randomized controlled trials (RCT),
stated that although there was some evidence that MP as an
adjunct therapeutic intervention had beneficial effects on arm
function, they were not able to draw definite conclusions and
stated that further research with a clear definition of the content
of the MP and standardized outcome measures were needed. In
a more recent review that included six studies, Barclay-Goddard
et al. (2011) also concluded that the combination of MP with
other treatments appeared to be more effective than other treat-
ments alone to improve upper extremity function. Based on their
assessment with the PEDro scale, the quality of the evidence
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was moderate. Likewise, in their systematic review of 15 studies,
Nilsen et al. (2010) attested that when MP was added to physical
practice (PP), it was an effective intervention. Nevertheless, they
also mentioned that further research was needed to identify those
patients most likely to benefit from training, the optimal dose,
and the most effective protocols.

These reviews, however, did not include the findings origi-
nating from recent multicenter RCTs (Bovend’Eerdt et al., 2010;
Ietswaart et al., 2011; Braun et al., 2012; Timmermans et al., 2013)
in subacute patients that have attempted to integrate MI train-
ing in regular rehabilitation programs. Not only did the addition
of MP to conventional training on all tasks fail to yield bet-
ter functional outcomes than conventional training, but the low
compliance of therapists (Bovend’Eerdt et al., 2010; Braun et al.,
2010, 2012) and realities related to patients such as advanced
age of those in nursing homes (Braun et al., 2012) point to
some of the difficulties encountered when attempting to intro-
duce MP into regular clinical practice. The findings of two recent
RCTs, (Ietswaart et al., 2011; Timmermans et al., 2013) did not
confirm the additional benefits of including MI training in the
rehabilitation program aimed at improving upper limb function.
Despite meticulously designed MI training that included a vari-
ety of approaches (action observation through mirror therapy,
implicit imagery, and self-practice), patients with subacute stroke
did not show additional gains in the performance of activities of
daily living (ADL) (Ietswaart et al., 2011). Altogether, these lat-
est findings reflect the complexity of integrating MP into regular
rehabilitation programs. Thus, this review scrutinizes the current
application of MP, and from this analysis proposes a framework
for its integration into usual rehabilitation programs.

RATIONALE UNDERLYING MI TRAINING
With the turn of the twenty-first century, we have witnessed the
emergence of clinical studies designed to investigate the effects
of MP on the relearning of motor skills in persons with stroke.
The rationale for using MI training to promote the relearning of
motor function arises from research on the functional correlates
that MI shares with the execution of physical movements. It is
now widely recognized that the duration of mentally simulated
actions usually correlates with the duration of real movements
(temporal coupling), that the simulation of movements evokes
similar autonomic responses and that the imagination of an
action or its physical execution engage largely similar neural net-
works (Decety and Boisson, 1990; Decety et al., 1991; Decety and
Jeannerod, 1995; Wuyam et al., 1995; Decety, 1996; Decety and
Grèzes, 1999; Lafleur et al., 2002; Malouin et al., 2003; Fusi et al.,
2005; Munzert and Zentgraf, 2009; Hétu et al., 2013). These simi-
larities led to the notion of functional equivalence. Thus, real and
covert movements during MI obey similar principles and share
similar neural mechanisms, likely explaining the beneficial effects
of MP on motor performance (Jeannerod, 1995).

MI TRAINING (MP) IN HEALTHY INDIVIDUALS: SKILL LEARNING
Much of the evidence for using MI in the training of motor func-
tion is based on findings from studies that examined the effect
of MI training in healthy adults (Yue and Cole, 1992; Pascual-
Leone et al., 1995; Jackson et al., 2003; Allami et al., 2008; Olsson

et al., 2008; Reiser et al., 2011). These studies have shown that MI
training alone can significantly promote the learning of a novel
motor skill, but it is important to keep in mind that such training
needs to be very intensive. For instance, subjects who rehearsed
mentally a sequence of foot movements for 5 days, demonstrated,
significant improvement of their performance after 1500 men-
tal repetitions (Jackson et al., 2003). Likewise, when learning a
complex sequence of finger movements, subjects in another study
practiced physically (PP) or mentally (MP) 2 h a day for 5 days to
learn the task. After 5 days, while best results were found in the
PP group, the MP group had significantly improved in compari-
son to a control group, indicating that MP was effective, but not
as effective as PP (Pascual-Leone et al., 1995). However, after one
2-h physical training session, subjects in the MP group reached
the same level of performance attained by those in the PP group
who had 10 h of physical practice. Thus, although the learning
of a motor skill requires hundreds of repetitions, the number of
physical repetitions to obtain similar gains can be less if subjects
rehearse mentally prior to PP, indicating that MI can exert prim-
ing effects on subsequent PP. Similar priming effects have been
observed in a study wherein subjects had to learn a precision grasp
task. While it took 240 physical repetitions to learn the task, sub-
jects who first did 120 mental rehearsals needed only 120 physical
repetitions to reach an equivalent performance (Allami et al.,
2008). These examples hint at the potential use of the priming
effects of MI training in rehabilitation. For instance, the findings
of Pascual-Leone et al. (1995) suggest that if only MI is used in
the early rehabilitation phase when PP is not possible, (e.g., walk-
ing), then when PP becomes possible, less PP will be required to
attain a given level of motor performance. Whereas, findings from
Allami et al. (2008) suggest that when PP is possible, combining
MP and PP will require less PP to attain a similar level of motor
performance. These findings in healthy individuals also illustrate
how the addition of MP to a rehabilitation program, should not
necessarily entail an increase in the overall burden of therapy, but
could in some cases simply imply a trade-off from one form of
therapy to another.

MENTAL PRACTICE IN SPORT
Applications of MI training to neurological rehabilitation are
also guided by findings in athletes who use imagery to prac-
tice motor skills and enhance skill acquisition or to facilitate the
actual performance of a learned skill, as well as for motivation,
self-confidence and anxiety reduction (Feltz and Landers, 1983;
Janssen and Sheikh, 1994; Murphy, 1994; Rushall and Lippman,
1998; Guillot and Collet, 2008; Munzert and Lorey, 2013). Studies
have clearly shown that the largest gains in motor performance
are obtained when MP is combined with PP, and that MP alone
yields better results than no training at all (Richardson, 1967a,b;
Ryan and Simons, 1982; Feltz and Landers, 1983; Hall et al.,
1990, 1992, 1998; Driskell et al., 1994; Brouziyne and Molinaro,
2005; Weinberg, 2008). MP is also used alone, without con-
comitant physical practice. For instance, prior to a competition
it is used to refresh kinesthetic memory, especially for complex
routines (gymnastics) or part of routines that are quite demand-
ing physically, or between physical training sessions to maintain
performance level (Rodgers et al., 1991; Murphy, 1994; Rushall

Frontiers in Human Neuroscience www.frontiersin.org September 2013 | Volume 7 | Article 576 | 59

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Malouin et al. Integrating MP in rehabilitation programs

and Lippman, 1998). For performance preparation, the focus
is on factors that enhance performance such as motivation or
activation (Paivio, 1985; Rushall and Lippman, 1998). Athletes
imagine their forthcoming performance in real time to “get a feel-
ing” for how to respond to the requirements of a task (Munzert
and Lorey, 2013). Overall, athletes seem to use motor imagery
more in conjunction with competition than with practice, per-
haps because of its very important motivational function (Hall
et al., 1990; Munroe et al., 2000; Munzert and Lorey, 2013).
Several models of MP in sports (for a review see Guillot and
Collet, 2008) include both a cognitive (learning) and a moti-
vational (emotion) function; besides potential motor priming
effects, athletes who imagine themselves performing well may
become more motivated to practice harder and to compete more
intensely.

RESEARCH PROTOCOLS IN NEUROLOGICAL REHABILITATION
(TABLES 1 AND 2).
Given the large variety of research protocols that have been devel-
oped to examine the impact of MP, a classification of the types of
protocols was made based on common characteristics. An impor-
tant aspect that has surprisingly not often been systematically
reviewed is whether MP is provided alone or in combination with
physical practice. Next is the manner in which MP is provided:
through audiotapes or guided by a therapist (one to one). It is
also important to consider when MP is combined with PP, if it is
within the same training session or a few hours apart in separate
sessions. Thus, three modes of MI delivery have been proposed
based on the analysis of the research protocols of 27 clinical stud-
ies in persons with stroke (n = 25) or with Parkinson’s disease
(n = 2) (Table 1). This classification is arbitrary, but reflects the
reality of how MP is used in clinical practice. The first two modes
(1 and 2) include protocols wherein MP and PP are combined,
whereas, the third mode includes protocols with only MI train-
ing without specific physical training (mode 3). When mental
and physical practice are combined, they are either carried out
in separate sessions (mode 1: separate sessions) through differ-
ent approaches (audiotapes: 1A or one to one: 1B) or provided
in the same session (mode 2: concurrent session) under the guid-
ance of a therapist with series of physical repetitions alternating
with mental repetitions (Table 1). A first step in the analysis was
to examine the type of tasks trained (ADL using the upper limbs
or mobility and locomotor) across the three modes of MI delivery.
Table 2, shows that 77% (21/27) combined physical and mental
training (modes 1 and 2) and only six out of the 27 studies used
MI alone (mode 3) and this allocation was similar whether train-
ing ADL (12/16: 75%) or mobility and gait (9/11: 82%). However,
56% of the MI studies of ADL tasks opted for audiotape deliv-
ery (mode 1A). This mode, however, was never used for training
mobility and gait, instead, guided MI (one to one) was used in
separate sessions (mode 1B: 36%) or with MP and PP provided
in the same session (mode 2: 46%).

Another observation is that 74% of the studies (20/27)
included patients more than 6 months post-stroke (chronic
phase) after they had completed formal rehabilitation (Table 2).
At such a stage, motor improvement is unlikely to be associated
with spontaneous neurological recovery and thus functional

improvement can be more readily attributed to a given
intervention. The remaining studies were carried out with
patients in the subacute phase post-stroke and all targeted ADL
training with the upper limbs (Crosbie et al., 2004; Müller et al.,
2007; Bovend’Eerdt et al., 2010; Riccio et al., 2010; Ietswaart et al.,
2011; Braun et al., 2012; Timmermans et al., 2013).

Because MP is an adjunct to PP, it is hypothesized that patients
receiving MP in addition to PP will demonstrate larger gains
compared to a control group receiving only PP. In most con-
trolled studies, a placebo intervention equivalent in time to the
MP is provided to the control group to make up for extra con-
tact time. To control for attention, the placebo usually consists
of mental activities unrelated to movement imagery and can
be delivered on tape (relaxation exercises; information about
stroke, puzzles, etc.) or by audiovisual means (video, computer
program, pictures, TV programs, etc.) with a content unre-
lated to the tasks practiced. This control for contact-time is
not always provided (Page et al., 2009; Riccio et al., 2010; Lee
et al., 2011; Cho et al., 2013) or the sham intervention con-
sists of additional PP (Braun et al., 2012; Timmermans et al.,
2013).

THE THREE MODES OF MI DELIVERY
SEPARATE MODE OF MI DELIVERY (MODE 1A AND 1B)
In mode 1 (Table 1), the MP and PP are provided in separate
sessions with MI training delivered either through audiotaped
scripts (mode 1A) or guided by a therapist on a one to one basis
(mode 1B). The MI training is provided later in the day (Page,
2000; Page et al., 2001, 2005, 2007, 2009, 2011; Riccio et al., 2010)
or right after physical and/or occupational therapy training ses-
sions (Yoo and Chung, 2006; Bovend’Eerdt et al., 2010; Hwang
et al., 2010; Lee et al., 2011; Nilsen et al., 2012; Cho et al., 2013).

MI Training of upper limb ADL tasks (Table 3: mode 1A)
In most studies involving upper limb ADL training, the MP
was carried out in a quiet environment while patients lay
supine or sat and listened to an audiotape describing the motor
tasks to be rehearsed mentally (Page, 2000; Page et al., 2001,
2005, 2007, 2009, 2011; Yoo et al., 2001; Riccio et al., 2010;
Nilsen et al., 2012). Largely influenced by cognitive and sport
psychology (Suinn, 1984, 1985; Paivio, 1985; Sordoni et al.,

Table 1 | Modes of MI delivery and examples of tasks.

Research protocols Tasks

(1) PP AND MI PROVIDED IN SEPARATE SESSIONS
SEPARATE MODE OF MI DELIVERY

(1A) PP + MI (relaxation + audiotape)
(1B) PP + Guided MI (one to one)

ADL
Gait, ADL

(2) PP AND MI PROVIDED IN THE SAME SESSION
CONCURRENT MODE OF MI DELIVERY

Guided MI (one to one): ratio 1 PP:10
MP; 1PP:5MP

Rising-up from a chair/sitting
down, reach/grasp; gait

(3) MI ALONE: MI

Guided MI (one to one) Gait, ADL, sequence of finger
movements
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Table 2 | Modes of MI delivery in the research protocols of the 27 clinical studies reviewed.

Research protocols ADL Research protocols Mobility and gait

N % Chronic (N) Non-chronic (N) N % Chronic (N) Non-chronic (N)

Mode 1A 9 56 8 1 Mode 1A 0 0 0 0

Mode 1B 1 6 0 1 Mode 1B 4 36 4 0

Mode 2 2 13 0 2 Mode 2 5 46 5 0

Mode 3 4 25 1 3 Mode 3 2 18 2 0

Total 16 100 9 7 Total 11 100 11 0

2000; Cupal and Brewer, 2001), an audiotaped MI training
session typically consists of a period of relaxation (3–5 min)
wherein the patients are asked to imagine themselves in a
warm and relaxing place and to contract and relax mus-
cles. This is followed by 10–20 min of suggestions for inter-
nal, cognitive polysensory (visual and kinesthetic cues) images
related to using the affected arm in one of several functional
tasks. The tape concludes with 3-5 min of refocusing into the
room (as described in Page et al., studies). Therefore, about
6–10 min of each session is not devoted to mental rehearsal as
such.

Although the rationale for using audiotape delivery has never
been explicitly justified, it is likely inspired by Paivio (1985), who
underlined the importance of an accurate representation of the
skill to be practiced, and thus proposed that language was an
efficient way of activating imagery content. Likewise, the addi-
tion of relaxation prior to MI training was added to heighten
concentration, promote vividness of MI, as well as to enhance per-
formance and attention (Hall and Erffmeyer, 1983; Suinn, 1984,
1985; Sordoni et al., 2000; Cupal and Brewer, 2001).

The time allotted to mental rehearsal itself can be as little as 5
out of 10 min (Page et al., 2001), 8 of 18 min (Nilsen et al., 2012),
as much as 15–20 min of a 30 min session (Page et al., 2005,
Page et al., 2007, 2009) or as much as 48 out of 60 min (Riccio
et al., 2010). Table 3 gives a general idea of the total number of
hours dedicated to MP and PP. Because MI training sometimes
includes other components (e.g., relaxation, refocusing, implicit
imagery) it was decided to determine the proportion of time ded-
icated to mental rehearsal alone. Thus, in the mental practice
section (5th column in the Table), when there are two numbers
the first number estimates the total number of hours allotted
to mental rehearsal, whereas, the second number gives the total
number of hours for the whole MI training session (including
relaxation, etc.). When comparing the total hours of PP (col-
umn 4) and MP (column 5) sections in Table 3, it is clear that
more time is devoted to physical than mental practice; the pro-
portions are schematized in Figure 1. Although these numbers
provide a general estimate arrived at from the descriptions found
in the methods of the published articles, they illustrate the large
variability in MI training regimens across studies. In addition,
these numbers do not include self-practice or unsupervised train-
ing activities, since generally no information was provided about
the compliance. About 3–6 tasks are rehearsed mentally over the
training period, except in one study that included as many as 12
tasks (Riccio et al., 2010).

As for the physical practice part, based on descriptions found
in the published protocols, the physical training generally focused
on ADL tasks rehearsed later in separate MI training sessions
(Page et al., 2005, 2007, 2009, 2011; Nilsen et al., 2012). Patients
in these studies who were at a chronic stage with stable motor
functions engaged in physical training sessions that ranged from
30 to 60 min, 2–5 times a week, over 2–10 weeks for a total dura-
tion ranging from 6 to 45 h (median of 9 h). Training generally
involved 3–5 tasks (Table 3: mode 1A).

Gait tasks (Table 4: mode 1B)
Although MI training of gait was also provided in a separate ses-
sion after PP, it was not delivered through audiotaped scripts, but
guided on a one to one basis by a therapist (Hwang et al., 2010;
Lee et al., 2011; Deutsch et al., 2012; Cho et al., 2013). However,
relaxation prior to MI training was also used before MI training
(Hwang et al., 2010) or after (Cho et al., 2013). In the four studies
on gait training (Yoo and Chung, 2006; Hwang et al., 2010; Lee
et al., 2011; Cho et al., 2013), MI training followed physical train-
ing and technical support was also used to illustrate what should
be imagined; for instance, patients watched videos to learn about
walking or to identify their own gait problems (Hwang et al.,
2010; Lee et al., 2011).

As for the physical training component, it consisted of tread-
mill training (Lee et al., 2011; Cho et al., 2013) for 30 min, 3 times
a week for 6 weeks (total: 9 h). In another study (Hwang et al.,
2010), 1 h of regular physical therapy was provided 5 days a week
for 4 weeks (total: 20 h), but the amount of time dedicated to
gait was not specified. These examples illustrate the marked varia-
tions in intensity of physical training (20 h over 4 weeks: 5 h/week,
vs. 9 h over 6 weeks: 1.5 h/week) across studies. Thus, given such
variation in both the intensity and the specificity of the physi-
cal training, the assumption is that the contribution of PP to the
overall effects is also variable.

Multiple tasks (Table 3: mode 1B)
Recently, attempts have been made to integrate MI training into
usual clinical rehabilitation programs without increasing the total
time of therapy (Bovend’Eerdt et al., 2010). MI training was used
in the training of multiple tasks (upper and lower limbs, loco-
motion, etc.) instead of concentrating on a few selected ADL or
mobility tasks. However, given the compliance problems with the
therapists, the total amount of MI training could only be esti-
mated by the authors (about 6.5 h) and the amount of physical
practice was not reported.
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Table 3 | Characteristics of MI training studies for upper limb tasks.

Res Prot/Study N TSS PP Mental practice Mean change scores

Hrs Hrs Eval
√

Tasks ARAT FMA Jebsen(%) AFT Midx

1APage, 2000 E:8 1.8 years 6 2–4 NO NO ? NA 7.8 NA NA NA

C:8 6 4.7

1AYoo et al., 2001 E:3 2, 12–16 months 0 2 NO NO 1 NA NA NA NA NA

1APage et al., 2001 E:8 6–11 months 18 1.8–3 YES NO 3 16.4 13.8 NA NA NA

C:5 18 −1.4 2.9

1APage et al., 2005 E:6 2 years 6 4–6 NO NO 3 10.7 NA NA NA NA

C:5 6 4.6

1APage et al., 2007 E:16 38 months 6 4–6 NO NO 3 7.8 6.7 NA NA NA

C:16 45 months 6 0.4 1.0

1APage et al., 2009 E:5 13–45 months *15 10–15 NO NO 5 15.4 7.8 NA NA NA

C:5 *15 No sham 8.4 4.1

1ARiccio et al., 2010 E:18 2 months 45 12–15 NO NO 12 NA NA NA 14.1 11.4

NC C:18 No sham 0.83 1.9

1APage et al., 2011 E:8 15 5–10 NO NO 5 2.8 2.7

E:6 36 months 15 15–20 5 1.7 4.0 NA NA NA

E:7 15 25–30 5 1.8 5.3

C:8 15 0.2 2.2

1ANilsen et al., 2012 E:5 43 months 6 1.6–4 YES YES 3 NA 9.6 33

E:6 20 months 6 1.6–4 10.6 42 NA NA

C:6 33 months 6 3.8 −13

1BBovend’Eerdt et al., 2010 E:15 22 weeks Usual therapy 6.5 NO NO ALL 4.8 NA NA NA NA

NC C:15 16 weeks 4.3

2Crosbie et al., 2004 E:14 10–42 days E28 rep E280 rep NO YES 1 NA NA NA NA E41

NC 10–60

2Braun et al., 2012 E:18 4–6 weeks Usual therapy ? NO NO ALL NA NA NA NA 17

NC C:18 21

3Stevens and Stoykov, 2003 E:1 1, 2 years 0 12 NO NO 2 NA 10 67 NA NA

E:1 0 12 12 33

3Müller et al., 2007 E:6 1 month 0 10 NO YES 1 NA NA 30 NA NA

NC E:6 10 0 40

C:5 0 0 0

3Ietswaart et al., 2011 E:39 82 days Usual therapy 8–9 YES NO 12–14 5.9 NA NA NA NA

NC C:31 5.3

C:31 7.3

3Timmermans et al., 2013 E:18 1 month Usual therapy 15 YES NO 6 NA 4.0 NA NA NA

NC C:14 5.0

PP, physical practice; TSS, mean time since stroke; Hrs, hours; Eval, MI assessment;
√

, manipulation checks; Tasks, number of tasks rehearsed mentally; ARAT,

Arm Research Assessment Test (Max: 57); FMA, Fugl-Meyer Assessment (motor upper extremity: max 66); AFT, Arm functional test (timed test); Jebsen, timed

test; Midx, Motricity Index (Max:100); Res Prot1A,1B,2,3, research protocols described in Table 1; NC, non-chronic strokes; E Estimated from text and figures; *45 h

with a glove on sound hand: constraint induced therapy (CIT); No sham, no control for contact time; NA, not applicable; ?, unspecified.
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Table 4 | Characteristics of MI training studies for mobility and locomotor activities.

Res Prot/Study N TSS PP Mental practice Mean change scores

Hrs Hrs Eval
√

Tasks Gait speed Limb ABC Berg DGI TUG (s)

cm/s L % 0–100 0–56 0–100

1BYoo and
Chung, 2006

E 5 months 2.7 2.7 YES NO 1 NA 15 NA NA NA NA

Standing E 23 months 2.0 2.0 17

E 8 months 1.5 1.5 21

1BHwang
et al., 2010

E:13 24 months 20 6–10 YES NO 1 7 NA 46 23 17 5

Gait C:11 23 months 20 2 10 8 1 3

1B Lee et al.,
2011

E:13 Chronic 9 5–9 NO NO 1 16 NA NA NA NA NA

Gait C:11 9 No sham 10

1B Cho et al.,
2013

E:15 45 months 9 6 NO NO 1 14 NA NA NA NA 8.3

Gait C:13 46 months No sham 9 1.6

2Malouin
et al., 2004a
Rising-
up/sitting

E:12 Chronic 7 rep 35 rep YES YES 2 NA 16 NA NA NA NA

2Malouin
et al., 2009

E:5 2.4 years 100 rep 1100 rep YES YES 2 NA 18 NA NA NA NA

Rising-
up/sitting

C:4 3.5 years 100 rep 0 rep −6

C:3 2.4 years 0 rep 0 rep 6

2 Deutsch
et al., 2012
Gait

E:1 10 years 1 5 YES YES 35 11 NA NA 2

3Dunsky
et al., 2008
Gait

E:17 9–108 months 0 3–4.5 NO YES 1 15 (8–38) NA NA NA NA NA

3Guttman
et al., 2012
STS

E:13 7–55 months ? 2.8–4 YES NO 1 NA 0 NA NA NA NA

2Tamir et al.,
2007
Mobillity

E:11 Stage 1.5–3 Hoen
and Yahr’s stage

12 12 NO NO 3 NA NA NA NA NA 2.5

Parkinson D C:10 24 -0.5

2Braun et al.,
2011
Gait

E:25 *1.5–3 and <3
Hoen and Yahr’s
stage

5 6 NO NO ? 3 and 20 NA NA NA NA 1.5 and 1.3

Parkinson D C:22 5 14 and 18 3.4 and 1.0

PP, physical practice; TSS, mean time since stroke; Hrs, hours; Eval, MI assessment;
√

, manipulation checks; Tasks, number of tasks rehearsed mentally;
Res Prot1A,1B,2,3, research protocols described in Table 1; NC, non-chronic strokes; Limb L, percent of limb loading on the affected side; STS, sit-to-stand; Berg,

Berg balance scale; DGI, dynamic gait index; ABC, Activities-specific balance confidence scale; TUG, Timed Up and Go test; NA, not applicable; No sham, no con-

tact time control; rep, repetitions; *results from 2 analyses: patients in stages 1.5–3 and patients in stages 1.5–2; bold, studies in persons with Parkinson’s disease;

?, unspecified.
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CONCURRENT MODE OF MI DELIVERY (MODE 2)
In other studies, mental and physical repetitions were provided
in the same training session with series of physical repetitions
alternating with the mental repetitions. The ratio of MP to PP
is variable across studies, with the number of MP increasing pro-
gressively from 2MP:1PP up to 10MP: 1PP (Crosbie et al., 2004;
Malouin et al., 2004a, 2009; Tamir et al., 2007; Deutsch et al.,
2012).

The rationale behind this approach is to tap into the priming
effects of MI on subsequent physical performance (Pascual-Leone
et al., 1995) and to decrease the number of physical repetitions
(Allami et al., 2008; Reiser et al., 2011). In addition, visual and
kinesthetic information acquired during each physical repetition
refreshes the movement memory of the motor task and assists
in the accuracy and vividness of the mental images and sensa-
tions for the next series of mental repetitions (Crosbie et al., 2004;
Malouin et al., 2004a,b, 2009). It was also found that the tim-
ing (functional equivalence) of the motor task being rehearsed
mentally improved when mental repetitions alternated with phys-
ical repetitions, thus suggesting that the afferent information is
helpful for consistent reproduction of the next imagined move-
ment (Courtine et al., 2004). Since MI training with this mode of
delivery involves a large number of repetitions (up to 100 mental
repetitions for 10 physical repetitions/session), most studies focus
on one task at a time (e.g., reaching for a cup, standing up) and
progression is made by increasing the difficulty of the task (e.g.,
biomechanical constraints) in steps tailored to individual require-
ments. Moreover, with the latter approach the total number of
repetitions rather than the duration of the sessions is the key fac-
tor. Overall, more mental than physical repetitions are provided
(Figure 1) and several hundred repetitions are targeted (Crosbie
et al., 2004; Malouin et al., 2009), to promote motor learning
(Nudo et al., 1996) and enhance the effects of physical prac-
tice (Allami et al., 2008; Reiser et al., 2011). For example, when
combined with about 1100 mental repetitions, improved motor
performance of the sit-to-stand task was obtained (Malouin
et al., 2009) with only 100 physical repetitions, well below the
450–600 physical repetitions needed to promote motor learn-
ing of the sit-to-stand task (Monger et al., 2002; Barreca et al.,
2004).

Upper limb ADL tasks (Table 3: mode 2)
Only two studies combined MP and PP within the same session
for the training of upper limb ADL tasks (Crosbie et al., 2004;
Braun et al., 2012). In one study (Crosbie et al., 2004) that focused
on the training of reaching and grasping movements, the pro-
portion of MP to PP was 10MP: 1PP and overall the number
of mental repetitions was estimated to be 280 (for 28 physical
repetitions).

Gait and mobility tasks (Table 4: mode 2)
In studies using mental and physical repetitions for training
mobility tasks in the same session (e.g., rising from a chair and
sitting down), the ratio of MP to PP for training varied: 5MP:
1PP (Malouin et al., 2004a), 10MP: 1PP (Malouin et al., 2009)
and 3MP: 3PP (Tamir et al., 2007). The total repetitions, over 12
training sessions with a ratio of 10MP: 1PP could be as much as

FIGURE 1 | Schematic representation of the time dedicated to Motor
Imagery training (MI) and Physical Practice (PP) for each mode of MI
delivery. The vertical lines indicate the proportion of time for relaxation
(prior to MI) and refocusing (after MI). More time is allotted to PP than
MI training in the separate mode of MI delivery, whereas in the other two
modes more time is devoted to MI training.

1100 mental repetitions and 100 physical repetitions (about 10 h
of contact with the patient). In a recent case study (Deutsch et al.,
2012), a ratio of 5MP: 1PP was used for gait training.

Multiple tasks (Table 3: mode 2)
The only study that used MI training for multiple tasks was
carried out in a nursing home in patients with subacute stroke
(Braun et al., 2012). Several tasks involving both the upper and
lower extremities were trained. Given the problems with compli-
ance, no information about the amount of training was reported.

MI ALONE (MODE 3)
While modes 1 and 2 of MI delivery also provide physical prac-
tice of the tasks rehearsed mentally, in mode 3, physical practice
specific to the tasks rehearsed mentally was not included, and
MI training was provided on a one to one basis. The rationale
for using MI alone, as underlined in one study, was the need to
show the benefit of MP alone to confirm its role in brain plastic-
ity (Ietswaart et al., 2011). In reality, it is difficult to completely
remove all physical training, especially in patients with subacute
stroke who are engaged in usual rehabilitation programs (Müller
et al., 2007; Ietswaart et al., 2011; Timmermans et al., 2013) or
when MI training of gait is carried out in ambulatory patients
(Dunsky et al., 2008) since one expects that the patients con-
tinue to be engaged in daily activities. However, one can assume
that compared to the other studies that included intensive phys-
ical training specific to the tasks trained mentally, the amount of
physical practice was likely much less.

Upper limb ADL tasks (Table 3: mode 3)
Some studies using MP alone focused on the learning of a
finger movement sequence (Müller et al., 2007), wrist move-
ments (Stevens and Stoykov, 2003), or upper limb ADL tasks
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(Ietswaart et al., 2011; Timmermans et al., 2013). In these stud-
ies MI training was delivered under the guidance of a therapist
or with a computer interface (Stevens and Stoykov, 2003) and
the total amount of MI training was 10 (Müller et al., 2007) and
12 h (Stevens and Stoykov, 2003), respectively. Training generally
involved 1–2 tasks, but in two recent studies (Ietswaart et al., 2011;
Timmermans et al., 2013) carried out in the subacute phase, sev-
eral tasks (6–14) were rehearsed mentally with training carried
out on a one to one basis with the addition of an audiovisual
(DVD) interface (Timmermans et al., 2013). In one study, MI
training included mirror therapy and implicit motor imagery
(Ietswaart et al., 2011).

Gait and mobility tasks (Table 4: mode 3)
MP alone for gait training was used by Dunsky et al. (2008).
Guided by a therapist, the training included a relaxation period
(2–3 min) followed by mental rehearsal of walking (10 min) and
ended with a refocusing period (2 min). The MI training for the
sit-to-stand task (Guttman et al., 2012) used a similar protocol,
starting with relaxation and ending with a refocusing section.

In conclusion, the large diversity of protocols used to date
reflects the search for an optimal approach. The rationale under-
lying the selection of a given protocol or training regimen is not
always clearly defined. While the influence of former studies is
at times clearly expressed, there is usually no justification for the
selection of the intervention parameters.

FACTORS INFLUENCING MI TRAINING OUTCOMES
ADHERENCE TO MI TRAINING
As reviewed above, there is much variability in the content of MI
training and the time dedicated to mental rehearsal. Moreover, for
most studies, it is impossible to estimate the number of mental
repetitions over the training period (dose) since these are rarely
counted. There is not only much variability in both the amount
of time dedicated to MI training and in the mode of MI deliv-
ery, but one must also ponder whether the mental rehearsal was
done correctly. Very few studies assessed the MI ability of par-
ticipants (Tables 3, 4), so there is no certainty that the patients
were able to engage in motor imagery at the start of the study. In
addition, even if they were good imagers, without manipulation
checks to control whether they conformed to the instructions, it
is impossible to confirm their adherence to the MI training. The
findings that larger doses of MI training (Figure 2; comparison
of 20, 40, and 60 min per session) delivered through audiotapes
(Page et al., 2011) yielded inconsistent and not clinically meaning-
ful results (very small ARAT gains and low trends of dose-related
FMA gains) raise the question of patient adherence to instruc-
tions for the longer durations (e.g., mental fatigue, boredom)
and further emphasize the need to control for patient compli-
ance during MI training. Monitoring for compliance is especially
important when patients are not interacting with a therapist
or with external devices (e.g., computer-facilitated imagery) for
20–60 min while listening to taped instructions right after a relax-
ation period. The large differences between actual and mental
movement durations found for ADL tasks routinely trained dur-
ing audiotaped MI (Wu et al., 2010) further raises concerns to that
effect. Patients with hemorrhagic strokes imagined the tasks 2–3

FIGURE 2 | Bar graphs illustrating the mean changes in Arm Research
Action Test (ARAT) and Fugl-Meyer Assessment (FMA). The dotted line
represents the Minimal Clinically Important Difference (MCID) for each
outcome measure.

times faster than when they executed them physically (Wu et al.,
2010), suggesting that they had difficulty in representing mentally
complex tasks with accuracy (Guillot and Collet, 2005a). These
findings, however, are at variance with those from diverse sources
that observed some slowing (about 20–40%) of MI during hand
pointing (Malouin et al., 2004c; Stinear et al., 2007) and stepping
movements (Malouin et al., 2004c, 2012), especially after right
hemispheric strokes (Malouin et al., 2004c, 2012; Stinear et al.,
2007) or in patients with sensory deficits (Liepert et al., 2012).
The large timing discrepancies reported by Wu et al. (2010) are
worrisome and warrant the requirement of regular chronometric
checks in future studies.

Although standardized audiotape delivery makes such manip-
ulation checks more difficult, it can be done. Nilsen et al. (2012)
conducted manipulation checks on the perspective used during
mental rehearsal retrospectively, right after the end of the session.
Asking patients periodically what they see or feel is also indicated
to check whether the instructions are well-understood (Malouin
et al., 2009; Deutsch et al., 2012). Since the enhancing effect of
MI on cortical excitability and recruitment patterns depend on
imagery quality (Lebon et al., 2012; van der Meulen et al., 2012),
such debriefings to control the quality of imagery are particu-
larly important. Their frequency can be reduced with time, as
patients get more confident and experienced with MI. Dunsky
et al. (2008) used chronometry of imagined walking to gauge
engagement during imagery training; likewise chronometry was
used during the MI training of rising from a chair and sitting
down (Malouin et al., 2004a,b, 2009). It is thus recommended to
plan for such MI manipulation checks, especially in older persons
who have difficulty concentrating for long periods of time or with
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persons with impaired cognitive skills who can quickly lose track
of ongoing tasks. To conclude, because imagery cannot be directly
observed, manipulation checks should be mandatory to ascer-
tain that patients imagine what they are instructed to imagine.
Poor adherence could explain the moderate effects of MI train-
ing reported in a recent meta-analysis (Barclay-Goddard et al.,
2011). The development of guidelines for optimal MI training
starts with the control of factors such as MI compliance critical
to the interpretation of the results.

THE CONTENT AND THE AMOUNT (DOSE) OF MI INTERVENTION
A frequent question about MP in neurological rehabilitation is
how much practice (mental and physical) is necessary to pro-
mote learning effects? In this section, we try to relate MI training
parameters to findings from studies using similar outcomes mea-
sures so as to derive indicators for success. In the majority of the
studies with a separate mode of MI delivery for training ADL
tasks, the same tasks were practiced both physically and mentally
and the mental rehearsal part was delivered through audiotaped
scripts (mode 1A) preceded by relaxation exercises (studies iden-
tified with 1A, first column in Table 3). In fact, spectacular effects
(see Figure 2: change scores) were obtained with even less than 2 h
of MI training, which corresponds to about 5 or 8 min of men-
tal rehearsal per session (Page et al., 2001; Nilsen et al., 2012).
Note also that with 4 h of MI training (Page et al., 2005, 2007)
the outcomes were not better compared to those with 2 h (Page
et al., 2001). However, for physical practice, the largest gains in
ARAT and FMA scores were observed in studies with 18 and
15 h (Figure 2: Page et al., 2001, 2009) as opposed to 6 h (Page
et al., 2005, 2007). The effect of more physical practice was also
apparent even for patients in the control group when Constraint
Induced Therapy (CIT) was provided to all (Page et al., 2009).
Thus, the amount of physical practice appears to be determinant
in the size of the effects observed when MP and PP are com-
bined in separate sessions. In fact, based on the findings of the
only study that examined the effects of different durations of MI
training sessions, increasing the duration does not promote better
outcomes (Page et al., 2011). This is not surprising since data in
athletes suggest the optimal duration to be about 20 min and that
a longer session may degrade motivation and increase negative
effects such as boredom (Driskell et al., 1994). Likewise, bene-
ficial effects of MI training (less bradykinesia) in patients with
Parkinson’s disease (Figure 3: lower graph) were obtained only for
tasks practiced both mentally and physically (Tamir et al., 2007),
further underlining the key role of PP when combined with MP.
Thus, the addition of MI training to PP promotes motor per-
formance of upper limb ADL and this performance is further
enhanced with more physical practice, but not with more MI
training.

These observations are in line with findings that when MI
training was provided alone with usual therapy in patient in the
subacute phase post-stroke, likely restricting the amount of PP
of the tasks rehearsed mentally, it did not yield better outcomes
than usual therapy despite very elaborate and intensive MI train-
ing (Ietswaart et al., 2011; Timmermans et al., 2013). In fact,
when only one task was trained during MI training either with
usual therapy (Müller et al., 2007) or when a large number of MP

FIGURE 3 | Bar graph illustrating the mean changes (cm/s) in gait
speed (upper graph) and the mean changes (in seconds) for the Timed
Up and Go (TUG) test in patients with chronic stroke. The dotted line
(upper graph) indicates the Minimal Clinically Important Difference.

repetitions (mode 2) were combined with a small number of PP
(Crosbie et al., 2004), significant gains were reported even at an
early stage of recovery post-stroke. A possible explanation could
be that when only one task is trained the higher intensity of MI
training promotes better learning effects irrespective of the stage
of motor recovery.

For locomotor training, however, the addition of physical gait
training does not seem to have such an impact on the magni-
tude of the outcomes (Table 4 and Figure 3). For instance, a mean
increase of 15 cm/s (range: 8–38 cm/s) was measured in patients
after MI training of gait alone (Dunsky et al., 2008) and most
of the gains in gait speed were retained at follow-up, 3 weeks
after the end of training. On the other hand, despite 9 h of tread-
mill training (Lee et al., 2011; Cho et al., 2013), gait speed gains
in the MI groups (14 cm/s and 16 cm/s, respectively) were sim-
ilar to those reported by Dunsky et al. (2008) with MI training
alone. In another controlled study, despite 20 h of physical train-
ing (unspecified exercises), smaller gains of 7 cm/s and 2 cm/s,
corresponding to about half those reported in other studies were
found in the MI and control groups, respectively (Hwang et al.,
2010). Although the MI training group had gains that were statis-
tically significantly larger compared to the control group, these
changes in gait speed, were close to the standard error of the
measure, which is 5 cm/s post-stroke (Perera et al., 2006). In
addition, the 2 cm/s change in gait speed in the control group
shows that physical training alone had no training effect, a rather
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surprising finding, especially in relatively young subjects (mean
age: 46 and 48 years). A possible explanation for the small changes
in gait speed after physical training could be related to the very
intensive training regimen of 1 h of regular physical therapy and
30 min of MI training daily, 5 days a week for 4 weeks. Negative
effects due to overtraining in inactive chronic patients might be
responsible for this poor outcome (Sullivan et al., 2007). However,
an important finding is that the small changes in gait speed in
the MI training group were, however, associated with very large
and clinically significant increases in secondary outcome mea-
sures such as balance (Berg scale), self-confidence (ABC scale),
the Dynamic Gait Index (DGI) and Timed Up and Go (TUG)
performance (e.g., Hwang et al., Table 4). The latter observa-
tions are surprising and lead one to question why these signif-
icant changes were not associated with larger increases in gait
speed.

Thus, how much or what type of physical practice is needed?
In studies without treadmill training, the effects of some physi-
cal practice cannot be discarded totally because the patients were
ambulatory and thus continued to walk daily (Dunsky et al.,
2006, 2008) and likely increased their walking activities (Cupal
and Brewer, 2001; Page et al., 2005). Also, since these studies
did not include a control group and that the amount of physical
walking outside therapy sessions was not monitored, it is diffi-
cult to estimate the role of physical training in the reported gains.
Nevertheless, the amount of physical gait practice was likely less
compared to the intensive treadmill walking provided elsewhere
(Lee et al., 2011; Cho et al., 2013). To conclude, for locomotor MI
training, the addition of intensive specific treadmill training did
not result in larger gains in gait speed, suggesting that in ambu-
latory patients, additional physical practice of locomotion is not
essential.

The above analysis suggests that the interactions between MP
and PP are not the same for upper limb and locomotor tasks.
These interactions are schematized in Figure 4. The fact that more
physical practice may be needed for upper limb ADL tasks is per-
haps related to the greater level of motor skill associated with the
control of upper limb movements compared to locomotor control
which is a rhythmic and automatic activity that is also assisted by
the sound leg in its expression.

Thus, it is very difficult to propose an ideal dose for MI training
as positive results have been obtained with a variety of regimens.
How many repetitions are required to obtain significant gains?
Unfortunately, this is a question that has been overlooked so far
in most studies examining the effects of MI in disabled pop-
ulations. Moreover, because training intensity has been mostly
reported in hours, we have little information to justify a rec-
ommendation for an optimal number of movement repetitions
to provide clinically significant gains. We can, however, spec-
ulate that it is close to the number found to be successful in
healthy persons who learned a new task after hundreds (about
1500) of mental repetitions (Jackson et al., 2003), or in per-
sons with stroke who showed learning effects after about 1100
mental repetitions combined with 100 physical repetitions, for
a ratio of 10MP:1PP (Malouin et al., 2009). Also, although no
study has compared different ratios of MP: PP, learning effects
have been reported with a variety of ratios: 10MP:1PP (Crosbie
et al., 2004; Malouin et al., 2009); 3MP: 3PP (Tamir et al., 2007)

FIGURE 4 | Schema illustrating the patterns of responses when
manipulating the amount of MI training and physical practice (PP) in the
studies investigating the effects of MI interventions on ADL tasks of the
upper limb and on walking. The addition of MI to PP promotes motor
performance in ADL for the upper limb (Gain) and this performance is further
enhanced with more PP, but not with longer MI sessions; for walking, however,
MI alone promotes walking speed as much as MI plus treadmill walking.

or 5MP: 1PP (Deutsch et al., 2012). While in theory the more
practice, the better, much like excessive physical practice can lead
to muscular fatigue, too much mental practice could contribute
to mental fatigue. This underlines the importance of monitor-
ing both physical and mental fatigue in rehabilitation. More
studies examining specifically dose-related effects of MP and PP
will be necessary to gain a better understanding of these factors
on motor re-learning following stroke. The gathering of such
information is a key for future development of sound clinical
guidelines.

RELAXATION COMPONENT IN MI TRAINING
Another factor that needs to be explored is the role of the
relaxation component often included prior to MI rehearsal, par-
ticularly (but not only) in studies with audiotaped scripts (Page,
2000; Page et al., 2001, 2005, 2007, 2009, 2011; Yoo et al., 2001;
Dunsky et al., 2008; Deutsch et al., 2012; Nilsen et al., 2012).
What are the effects of adding relaxation on MI outcomes? During
relaxation, patients are asked to imagine themselves in a warm
and relaxing place (beach; bath) and to contract and relax their
muscles (progressive relaxation) and in some cases they are asked
to stay relaxed until the end of the session (Dunsky et al., 2008).
In their study, Yoo et al. (2001) even used EMG recordings
to confirm muscle relaxation. While relaxation is less applica-
ble when physical repetitions alternate between series of mental
repetitions, it has been almost automatically implemented with
other modes of MI training to help the patients perform motor
imagery. However, this notion has been challenged by many
who state that relaxation is not essential and could even limit
imagery-related benefits when used for improving motor learn-
ing and performance (Gray et al., 1984; Rushall and Lippman,
1998; Holmes and Collins, 2001). Some authors suggest that
relaxation prior to MI training could be used as a starting point,
but that it should not be maintained during the entire rehearsal
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session (Janssen and Sheikh, 1994). Relaxation may be indicated
in stressed patients with difficulty imagining or those with poor
concentration. Results from a recent study in healthy adults, how-
ever, revealed that imagery vividness did not differ in relaxed
and aroused conditions (Louis et al., 2011). Moreover, when MI
training was carried out in relaxed conditions, it seemed to alter
the timing of MI, resulting in longer imagination than execution
times (Louis et al., 2011). Some evidence suggests that the level of
arousal should be close to that of the real performance (Holmes
and Collins, 2001; Guillot and Collet, 2008). Furthermore, bene-
ficial effects on motor performance and skill learning have been
found with a novel approach combining real movement with MI,
termed dynamic MI (Guillot et al., 2013), which is not compatible
with any form of relaxation prior to MI.

In usual practice, listening to relaxation exercises on a pre-
recorded audio media has been considered as a neutral procedure
and used in studies post-stroke as a sham intervention to control
for contact time (Page et al., 2005, 2007, 2011; Nilsen et al., 2012).
However, when relaxation has been used as a sham intervention
in persons with Parkinson’s disease, beneficial effects (Table 4,
Figure 3) on walking performance (gait speed) similar to those
observed in the experimental group following MI training have
been reported (Braun et al., 2011). In the latter study, relaxation
was provided in the same session as physical training. It is difficult
to determine, however, how (e.g., reducing rigidity or increasing
concentration) relaxation promoted a better motor performance
in persons with Parkinson’s disease. These results do suggest,
however, that a relaxation-oriented MI intervention alone may
be a factor to consider. Altogether these observations warrant a
closer examination of the role of relaxation in the identification
of optimal arousal conditions of future MI training rehabilitation
protocols.

OUTCOME MEASURES FOR MI TRAINING
The selection of reliable and valid outcome measures is always
a great challenge. It must take into consideration not only the
reliability of a measure but also its validity and responsiveness.
Of the many outcome measures available, the challenge is to
choose a measure that is appropriate for the evaluation of the
specific task that is targeted in the MI training. For instance,
gait speed is recognized to be a very robust outcome for mea-
suring the effects of training on walking (Wade, 1992; Richards
et al., 1999). Also, because it is a continuous measure, it is pos-
sible to monitor progress over a large range of performance
(Richards et al., 1995). Moreover, psychometric characteristics
of gait speed are well-known, including its Minimal Clinically
Important Difference (MCID: Tilson et al., 2010). The MCID is
a useful means of evaluating whether the size of the gain in gait
speed after an intervention is clinically meaningful, and it also
allows for comparison of the effect across studies. For example,
in one study, the statistically significant differences found in gait
speed gains between groups suggested a better outcome in the MI
group (Hwang et al., 2010). However, although there was a statis-
tically significant difference between groups, the intense training
regimen yielded small gait speed gains (7 cm/s) well-below the
16 cm/s MCID value (Tilson et al., 2010), and corresponding to
about half the gains reported with other protocols of MI training

for gait. On the other hand (Table 4: Hwang et al., 2010), gains
in secondary outcome measures such as balance (Berg Balance
Scale), movement quality (Dynamic Gait Index), obstacle walking
and self-efficacy (ABC) measures were significantly larger in the
MI group, signifying a role of MI training on the development
of balance, self-efficacy, movement strategy and navigation skills
which are important for developing walking competency (Salbach
et al., 2004). Thus, secondary outcome measures can be helpful
for the identification of collateral effects of MI training and to
unveil positive findings despite small gains on selected primary
outcomes.

The lack of statistical significance between two interventions,
however, does not always mean that there are no training effects.
For example, in a study involving persons with Parkinson’s dis-
ease (Braun et al., 2011), no significant statistical differences were
found in gait speed gains between a group trained with relax-
ation and another with MI, which led the authors to conclude
that MI training had no effect. However, a closer inspection of
the data (Table 4, Figure 3) reveals that both groups had gains
in gait speed above the MCID, indicating that both interventions
yielded gains that were clinically significant. This example further
underlines the importance first, of selecting well-known outcome
measures, and secondly, to examine the clinical relevance of the
gains when psychometric properties are available.

Secondary outcomes can also further confirm the absence of
MI training effects. This was the case in a study examining the
effects of two modes of MI training on the learning of a complex
mobility task: going down and getting up from the floor (Schuster
et al., 2012a). The findings did not confirm that patients learned
better when MI was provided in separate or concurrent sessions
with physical training because the time to execute the task (out-
come measure) diminished as much in the patients in the control
group, who practiced the task physically during testing sessions,
as in the two MI intervention groups. In addition, there were no
significant changes either in the ABC scale or in the Berg Balance
scale, further confirming the lack of MI training effects (Schuster
et al., 2012a). Both the low intensity of MI training (less than 100
MI repetitions over a 2-week period) and the psychometric prop-
erties of the outcome measure (sensitivity and floor effect) could
be responsible for the inconclusive findings.

The choice of an outcome measure such as movement speed
is not always a valid or optimal measure and will vary accord-
ing to the task to be evaluated and the aim of the training. For
instance, if MI training is used to teach a new strategy (increase
the amount of loading on the affected leg) during mobility tasks
such as rising-up from a chair and sitting-down, the best marker
of improvement is a gain in the amount of limb loading (ver-
tical forces) on the affected side (Engardt et al., 1993; Cheng
et al., 2001; Monger et al., 2002; Malouin et al., 2004a,b, 2009).
In the early stage of training no change in the speed of move-
ment is expected because it focuses on learning the motor strategy
(Engardt et al., 1993; Carr and Shepherd, 1998), but after sev-
eral weeks of training, improvement in both motor strategy and
movement speed can be expected as the affected leg gets stronger
(Engardt et al., 1993; Cheng et al., 2001; Monger et al., 2002). On
the other hand, an increase in movement speed without a con-
comitant improvement in motor strategy signals a compensatory
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strategy with the sound leg (Engardt, 1994). Therefore, a gain
in movement speed without an increase in limb loading on the
affected side after MI training of sit-to-stand (Guttman et al.,
2012) suggests that the MI training protocol did not promote the
learning of the novel motor strategy. Likewise, the use of the knee
extensor muscle activity (EMG alone) as an indicator of vertical
force distribution between the paretic and non-paretic limbs as a
means of assessing an improved motor strategy can be questioned
(Oh et al., 2010), and requires prior validation.

The selection of outcome measures becomes even more com-
plex when they are not specific to the tasks trained. For instance,
in the RCT studies that evaluated the effects of MI training of sev-
eral tasks, it is not clear how the ongoing recovery of the patients
leading to, for example, increased muscle strength, better antag-
onist muscle coordination, or inter-segmental limb coordination,
relate to the outcome scores from various tests using ordinal
scales such as the Arm Research Action test (ARAT), Fugl-Meyer
Assessment (FMA) or Motricity Index (MI). Although these clini-
cal scales are very reliable (Lyle, 1981; Duncan et al., 1983; van der
Lee et al., 2001; Lang et al., 2008), and provide a global score of
performance, it is at times difficult to understand how they relate
to specific changes in motor behavior. Examining ARAT subscales
may, however, help pinpoint areas of improvement (e.g., pinch,
grasp, or reach). Moreover, when impairment outcomes such as
the FMA are used concurrently with quantitative measures such
as those from the Jebsen test (Jebsen et al., 1969), they confirm a
translation of training to motor performance (Müller et al., 2007;
Nilsen et al., 2012).

When examining Figure 2, it is difficult to explain the modula-
tion of the scores across studies sharing similar training protocols.
For example, in a recent study (Page et al., 2011) MI training
induced very small ARAT and FMA changes scores (not clini-
cally meaningful) compared to those in previous studies (Page
et al., 2001, 2005, 2007, 2009) despite similar MI training pro-
tocols. Another question concerns the relationship between the
tasks rehearsed and the outcomes. Weight shifting exercises on
the affected arm (Page, 2000) led to as much FMA gains as did
tasks such as reaching and grasping, turning a page or writing
(Page et al., 2007), further suggesting the non-specificity of such
outcomes. Lastly, how can we explain so much variability in the
ARAT change scores in control groups across studies (Page et al.,
2001, 2005, 2007) and why are these changes so small despite
6–18 h of physical training (Page et al., 2001, 2007)? The small
impact of usual therapy on patients in control groups (Riccio
et al., 2010; Table 3) raises concerns about both the intensity of
therapy (Lang et al., 2009) provided in early rehabilitation and the
sensitivity of selected outcome measures (Table 3 and Figure 2).

Few clinical studies have examined the specificity of MP train-
ing, by focusing on a single ADL task. The use of quantitative
outcome measures such as a computerized test for assessing
reaching times, the Box and Block test and the Purdue pegboard
test might help gain a better understanding of the specific effects
of MI on function. Crajé et al. (2010) showed that MI training of
several functional activities could result in specific effects such as
improved reaching and grasping but not of fine dexterity. Such
findings are of interest because they help explain the specific MI
training effects on motor function rather than having a global

total score of grasping, reaching and pinching. Again, the psycho-
metric properties of a test are useful to gauge the importance of
the change not only statistically but also clinically. For instance, a
gain of 7 blocks in persons with stroke on the Box and Block test
translates to improvement of daily physical functioning (McEwen,
1995).

It is also important to assess generalization effects of MI on
function. In a pilot study (Müller et al., 2007) the intensive MI
training of sequential finger movements for 30 min per day, 5
days per week for 4 weeks, led to an increase in the peak torque
of the pinch grip that was comparable to that obtained with
physical training. Moreover, this increase in strength was gen-
eralized to better function of the upper extremity as measured
by the timed items in the Jebsen test, (Table 3) that assesses
the time taken to execute seven upper extremity tasks (Jebsen
et al., 1969). Assessment of other outcomes such as concentration,
motivation, or self-efficacy should also be considered because it is
also important to evaluate the effects of MI on behavioral and
cognitive functions (Hwang et al., 2010; Deutsch et al., 2012).
Measuring the effects of MI on movement quality or on limb use
with accelerometers (Timmermans et al., 2013) is also of interest
because MI has been shown to lead to a spontaneous use of limbs
trained with MI (Cupal and Brewer, 2001; Page et al., 2005).

To summarize, there is a need of studies that provide a
clear link between MI training and specific parameters of
motor function through quantitative and valid outcome mea-
sures to enable the development of evidence-based guidelines
for MI training. In addition, secondary outcomes examin-
ing other components of behavior (motivation, self-efficacy,
mood etc.) are useful because they extend our understanding
of the mechanisms contributing to the positive effects of MI
training.

GROUP HETEROGENEITY
In clinical studies, the comparability of patients from the inter-
vention and control groups in a given study or among studies
is critical to the interpretation of the results. For example, as
illustrated in Table 3 there is a large disparity in ARAT gains
across studies. A possible explanation for this is the variability
in patient level of activity limitations (baseline ARAT scores).
For instance, in the study comparing the effects of Constraint
Induced Therapy (CIT) with and without the addition of MI,
which induced very large gains (Page et al., 2009), the standard
deviation (SD) of the ARAT scores at baseline for both groups
was very small (SD of 1.1 and 1.4, respectively) indicating that
the 5 patients in each group had initially a similar level of activ-
ity limitation, and, as reflected by the SD of the mean change
scores, they all improved in a similar manner indicating that
all were good responders. In contrast, in the studies with larger
patient groups at an earlier stage of recovery (Bovend’Eerdt et al.,
2010; Ietswaart et al., 2011; Braun et al., 2012; Timmermans
et al., 2013), the baseline ARAT scores had a large SD, indicat-
ing heterogeneity in the activity limitation level of the groups.
Consequently, one can expect a variable response to training.
Such variability in training response is well documented in stud-
ies providing individual data. For instance, in the Dunsky et al.
(2008) study, although the mean gain in gait speed was 15 cm/s,
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the individual gains ranged from about 10 cm/s to 38 cm/s. The
large SD of 15.66 for a mean gain of 16 cm/s in gait speed also
reflects the large variability in individual responses to the same
MI training (Lee et al., 2011). Likewise, in a series of case stud-
ies (Crosbie et al., 2004), individual gains extended over a wide
range, also indicating that the group consisted of responders and
non-responders.

The level of impairment also needs to be taken into consid-
eration in data analysis and interpretation. As an example, in
the Braun et al. study (2011) in persons with Parkinson’s dis-
ease, larger effects of MI training were found in sub-groups of
less impaired patients. Thus, additional comparisons between
sub-groups of responders and non-responders can help tease
out factors associated with the positive outcomes (e.g., sen-
sory or cognitive deficit, level of motor impairment, anxiety,
motor imagery ability, etc.). For instance, patients who learned
to increase the loading on the affected leg during the rising-up
from a chair and sitting down tasks were those with a good short
term working memory (Malouin et al., 2004b). Correlative anal-
yses between primary motor outcomes and secondary outcomes,
such as anxiety and self-confidence, could serve as indicators on
how MI is working (Cupal and Brewer, 2001). With analyses look-
ing only at averaged data, important information about the type
of patients most likely to benefit from MI training can be missed.

THE SELECTION OF PATIENTS
The selection of patients is another factor likely to influence
the integration of MI training into clinical practice. The best
example comes from a recent study that introduced MI train-
ing in the regular rehabilitation of older patients (mean age 78
years) who had suffered a recent stroke and lived in a nursing
home (Braun et al., 2012). First, therapists found that teaching
MI and assuring compliance of the patients proved difficult in
these older and frail persons who needed long instruction peri-
ods that often induced frustration (Braun et al., 2010, 2012). In
addition, it was not possible to implement the training with-
out increasing therapy time, a downside often not acceptable
within clinical settings. Also, older persons without previous
exposure to MI appear to be less positive and less open to engage
in these demanding and abstract procedures. Implementation
of MI for the multitude of tasks practiced in regular therapy
has also proven quite difficult with poor compliance by both
younger (mean age 50 years) patients with stroke and therapists
(Bovend’Eerdt et al., 2010). The poor compliance in these patients
was explained in part by practical reasons (e.g., therapists on
vacation), but it was also linked to patient-specific issues such
as cognitive problems (Bovend’Eerdt et al., 2010). Although age
as such is not necessarily a deterrent, the cognitive limitations
associated with age and co-morbidities do contribute to poor
compliance.

In fact, screening for cognitive problems and MI ability should
be mandatory given the role of working memory in MI and
documented working memory problems with aging and stroke
(Malouin et al., 2004b, 2010, 2012; Schott, 2012). Both reduced
working memory and poor attention skills can make the teach-
ing of MI more difficult (Braun et al., 2010, 2012). Screening
should also take into account language disorders that hamper

the capacity to understand the instructions. It could also be that
like other adjunct therapies, MI training may not be suitable or
appealing to all patients because it requires first, to believe in the
process, and then to accept to make the mental effort to engage
in MI, a task that can be too demanding in some cases. Demands
are also made on the therapists, who need to acquire some knowl-
edge and understanding of the processes underlying MI training
and then to develop expertise in its implementation prior to train-
ing patients. Such requirements may not be appealing or suitable
to all.

Compliance to treatment requires the ability to imagine and
it is surprising that MI ability is so rarely assessed (Tables 3, 4).
A possible reason is that because of its covert nature, MI needs
to be assessed by different strategies. This has resulted in the
development of several sophisticated approaches for assessing MI
ability (see Guillot and Collet, 2005b; Heremans et al., 2008;
Collet et al., 2011), that are not readily amenable to clinical
settings when the therapist needs to decide whether a patient
is able to engage in MI. Simpler and clinically amenable tests,
however, are available. In our experience, screening can be done
within a short time frame with an MI questionnaire and chrono-
metric tests (Malouin et al., 2008a,b; Malouin and Richards,
2013). First, the administration of the KVIQ (Kinesthetic and
Visual Imagery Questionnaire), informs on whether the patient
is able to generate vivid images of simple movements (Malouin
et al., 2007). Although, the questionnaire remains a subjective
tool [e.g., such as a Visual Analogue Scale (VAS) for pain], the
examiner can test whether the rating provided by the patient
for a given item is genuine by asking the patient to provide
details about the perspective (e.g., what part of the body is seen)
and about the vividness of image (clarity, color etc.) and sen-
sations (of joint, skin, muscles) perceived. Such a debriefing is
important initially to make sure that MI instructions and scale
ratings are understood correctly. Also, the pattern of responses
can provide additional indices. If the patient always gives the
same rating or always answers very quickly without concen-
trating, it suggests that more debriefing is needed. In other
words, the administration procedures of the KVIQ, as well as the
score provide some information about the ability of a person to
engage in MI.

The MI questionnaire KVIQ was developed for testing persons
with physical disabilities (Malouin et al., 2007) and it includes
items that can be tested in sitting which makes this tool more
accessible to persons with sensorimotor disturbances and bal-
ance limitations. The reliability and validity of the KVIQ have
been documented in patients post stroke (Malouin et al., 2007,
2008b), in persons with Parkinson’s disease (Randhawa et al.,
2010) and a German version was recently validated (Schuster
et al., 2012b). The validity of imagery questionnaires for assessing
MI ability has been questioned because of the subjective nature
of self-reported ratings (Lotze and Halsband, 2006; Sharma
et al., 2006). However, over the last few years, studies examin-
ing brain activation patterns (fMRI and EEG) and corticospinal
excitability (TMS) have found significant correlations between
imagery scores and brain activity (Lorey et al., 2011; Williams
et al., 2012; Vuckovic and Osuagwu, 2013). Note also that sim-
ilar positive correlations have been described in persons with
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spinal cord injury (Alkadhi et al., 2005) and upper limb ampu-
tation (Lotze et al., 2001). However, MI vividness is a single
dimension of MI ability and it is recommended from a clinical
standpoint to use additional tests such as a chronometric test
to further confirm the ability of a patient to engage in MI. For
instance, comparisons between the duration of imagined and real
movement (mental chronometry) indicate if the patient has a
good temporal representation of the tasks being rehearsed men-
tally (see Malouin et al., 2008a; Malouin and Richards, 2013).
Consequently, the first step to improve compliance to MI train-
ing should be to examine the MI ability of potential participants.
However, because MI ability improves in the first weeks after
stroke (de Vries et al., 2011), repeated evaluations are recom-
mended before rejecting potential participants on this basis. As
mentioned above, we need to develop criteria to guide the use of
MI and the minimal requirement should be that patients be able
to engage in MI.

MENTAL REHEARSAL: AUDIOTAPE SCRIPTS VERSUS A GUIDED ONE TO
ONE APPROACH
Another factor that requires attention is the nature of MI instruc-
tions that differ greatly across studies. When MI training is carried
out with audiotaped instructions, the patient listens to a script
describing step by step how a task should be achieved (strategy),
as well as the images and sensations during the completion of
the task. Also, the wording can be very motivating, as it encour-
ages patients to see the arm and hand moving freely and easily,
and that the task is being performed effectively (Nilsen et al.,
2012). Moreover, since the scripts are not always constructed to
mimic movements in real time, participants are encouraged to
repeat the movements at their own speed. For the task of drink-
ing from a cup, participants, after being instructed to focus on
reaching the cup, lifting the cup of the table and to bring it
to the mouth, are then instructed to take a sip of water, then
another sip and another sip and so on until they are feeling
refreshed and are done drinking (D. Nilsen personal communi-
cation). This means that the number of repetitions can be quite
variable from one patient to another and from day to day and
suggests that the training strategy is not about reaching a cer-
tain number of repetitions. It seems rather, that patients gain
some self-confidence in how the task should be performed (prob-
lem solving) and can be done successfully (motivation, reward),
paving the way for the next physical practice session and suggest-
ing that priming effects of MI take place implicitly during physical
practice.

In contrast, in one to one guided MI, less emphasis is put
on the emotional aspect, instead, the instructions are adapted
to individual needs and limitations and more details (explicit)
on how the movement should be performed are given. This is a
very dynamic approach and requires a close interaction between
the patient and the therapist who guides the patient throughout
the stages of motor learning during both mental and/or physical
rehearsals (Rushall and Lippman, 1998; Malouin et al., 2004a,b,
2009; Ietswaart et al., 2011; Deutsch et al., 2012; Timmermans
et al., 2013). This mode is quite demanding for therapists who
need time to introduce patients to MI training, a good knowl-
edge about MI processes and prior familiarization with MI.

Technical support is also used at times to illustrate what should
be imagined. Mirror therapy (Ietswaart et al., 2011) or watch-
ing videos to learn about walking, or to identify their own gait
problems from videos taken at different intervals (Hwang et al.,
2010; Lee et al., 2011) and interacting with a computer and
hardware devices for visual feedback of limb loading during a
familiarization period in the first training session (Malouin et al.,
2004a,b, 2009; Oh et al., 2010) are examples. It can involve actively
imagining with the use of mirrors (Stevens and Stoykov, 2003;
Ietswaart et al., 2011) or computer-facilitated imagery (Stevens
and Stoykov, 2003). In addition, when mental and physical rep-
etitions are combined within the same session, regular feedback
about the physical performance is given by the therapist who
also makes imagery checks with chronometry or some debrief-
ing about the imagery to control for imagery quality (Crosbie
et al., 2004; Malouin et al., 2004a,b, 2009; Deutsch et al., 2012).
Thus, this approach likely puts a heavier demand on participant
concentration and attention skills compared to audiotape delivery
preceded by relaxation.

INTEGRATING MI TRAINING IN CURRENT PRACTICE: A
FRAMEWORK
Although motor learning theories and neurological mechanisms
are outside the scope of this review, one can speculate about how
MI training can improve motor performance. Page et al. (2005)
proposed that the motor improvement observed after MI training
with audiotape scripts resulted from an increase in spontaneous
motor activities. They found that patients after MI training used
their affected limb more often suggesting that part of the gains
observed could be attributed to the additional physical practice.
Likewise, athletes after a rehabilitation program with MP for knee
injuries demonstrated greater motivation to engage in physical
therapy, which may have led to better rehabilitation outcomes.
In the latter case, the subjects in the MP group had not only
greater knee strength but this gain in strength was also associ-
ated with less re-injury anxiety than those in the control group,
indicating that the MI training had effects on both psycholog-
ical and physical rehabilitation outcomes and that reduction in
re-injury anxiety and pain enabled the participants to relax and
engage more fully in rehabilitation.

As demonstrated in animal models (e.g., Nudo et al., 1996)
and in humans (Pascual-Leone et al., 1995; Lafleur et al., 2002;
Jackson et al., 2003) the rehearsal of motor actions through
physical and mental practice can induce brain changes (plas-
ticity) associated with skill learning. As nicely demonstrated by
Pascual-Leone et al. (1995), the changes in cortical sensorimo-
tor maps after mental training are similar to those obtained
with physical training. Since mental training has preparatory
effects and increases the efficiency of subsequent physical train-
ing (Pascual-Leone et al., 1995) their combination is expected to
yield best results. Although the optimal MI training approach
remains unclear at this time, and that beneficial effects of
MP on motor performance have been reported with all three
modes of MI delivery, instead of using one exclusively, it
might be reasonable to examine whether they could comple-
ment each other when used sequentially along the rehabilitation
process.
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Is the integration of MI training in rehabilitation programs a
mission impossible? Based on previous studies, several features
can hamper this integration: an early stage of motor recovery
(e.g., implying spontaneous recovery), a wide spectrum of tasks,
cognitive limitations, compliance with MI training, and rela-
tively inexperienced therapists in the use of MP. Therefore, a first
action would be to control factors that can be controlled such as:
screening for impeding cognitive problems, assessing MI ability,
determining an optimal number of tasks, training the therapists,
planning for manipulation checks of MI and identifying valid pri-
mary and secondary outcome measures, while taking into account
the advantages of each mode of MI administration along the
rehabilitation continuum. The following strategy proposes a 3-
step framework for the integration of MI intervention in current
clinical practice (Figure 5).

STEP 1: INTRODUCTION TO MI TRAINING
Adding mental exercises to a training session that can sometimes
be considered already too short can be viewed as too daring, espe-
cially if the patient is still a little confused and fatigues rapidly.
So, at this stage, MI training should not be too demanding,
both in terms of time and mental effort to learn the proce-
dures. Therefore, to avoid removing time dedicated to regular
therapy sessions, one might consider adding MI in a separate
mode of administration with audio scripts (CD, MP3, etc.),
audiovisual support, or web or stand-alone computer applica-
tions. This mode requires less professional resources once the
scripts and the material are developed. At this stage, the aims
would be to introduce MI, to familiarize the patient with MI,
and to apply MI training to one or two tasks with scripts to
learn the movement strategy and gain confidence for successful
performance. The role of this MI training would be to pre-
pare for the next rehabilitation training session when the same
task is practiced physically to promote learning. This part of
MI training would be the equivalent of performance prepara-
tion described in athletes prior to competition, and likewise
the focus of training should be put on factors that enhance
performance such as strategy, motivation and concentration

FIGURE 5 | Schematic representation of a framework for integrating
MI training in current clinical practice.

(Paivio, 1985; Rushall and Lippman, 1998; Munzert and Lorey,
2013).

STEP 2: INSERTION OF MI COMBINED WITH PP IN CURRENT TRAINING
SESSIONS
Once the patient is well-familiarized with MI, the next step could
then be to gradually introduce mental rehearsals of tasks that are
also trained physically in regular training sessions (starting with
a simple task and then increasing the number and complexity).
This part relates to skill learning and the idea is to increase the
number of repetitions through MI. It requires a close interac-
tion with the therapist giving instructions adapted to individual
needs and limitations (i.e., a more explicit approach). With the
concurrent mode of MI intervention, feedback about physical
performance is given by the therapist who also makes regular
imagery checks to control for compliance and quality of MI.
Because this approach is more demanding at the beginning, it
is advised to start with a small number of mental repetitions
and the ratio between mental and physical repetitions should
be gauged according to individual capacities. This procedure has
been integrated successfully into regular practice (Crosbie et al.,
2004; Tamir et al., 2007). In one study, better outcomes were
found in the persons with Parkinson’s disease who had replaced
half of the physical repetitions by mental repetitions (ratio of
3MP:3PP) indicating that the MI training group had larger gains
despite less physical repetitions. The MI training targeted three
tasks without increasing therapy session time. Furthermore, this
approach proved particularly successful for the more physically
demanding mobility tasks (Tamir et al., 2007). Likewise, at a
ratio of 10MP to 1PP, training of reaching and grasping has
also been successfully introduced into regular therapy without
additional treatment time (Crosbie et al., 2004). At this stage
the idea is to use mental rehearsal to promote the next phys-
ical execution of the task and the physical rehearsal provides
sensory feedback to promote the vividness of the task rehearsed
mentally.

STEP 3: SELF-PRACTICE FOR INCREASING THE NUMBER OF
REPETITIONS
There is certainly a need to demystify MI training and to test
its use in daily practice, but in small dose that focuses on a
few tasks in a well selected patient population. However, since
the basic ingredient of motor learning is the high number of
repetitions (Pascual-Leone et al., 1995; Jackson et al., 2003;
Allami et al., 2008; Reiser et al., 2011), we have to find ways
of increasing the mental repetitions in a stimulating fashion
outside formal therapy sessions. Homework are not very appeal-
ing to most and for those who try, it does not last very long
(poor adherence). Thus, we need to develop dynamic interac-
tive applications easy to use anywhere (i.e., electronic tablets)
of computer-facilitated imagery (Stevens and Stoykov, 2003) to
guide the patients through mental rehearsal routines of different
levels of difficulty. This progression should include manipulation
checks to control for imagery quality and compliance throughout
each routine. This step is critical for developing some autonomy
so that mental practice can be continued at home (Jackson et al.,
2004).
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FUTURE RESEARCH TARGETS
In the future, more effort should be put into clarifying the
specific effects of MI training with each mode of MI deliv-
ery to determine their respective advantages and also to iden-
tify the characteristics of patients most likely to benefit from
each type of delivery. We need to understand the role of fac-
tors such as the content and amount of training (physical and
mental), relaxation, instructions and valid outcome measures
(motor and behavioral). Motor learning theories in relation with
the modes of MI delivery should also be examined. Because
of the functional similarities between MI and motor execu-
tion, one would think that they share similar rules relative to
motor learning, but recent findings in healthy adults have shown
that while task variability promotes skill learning with physical
practice, it does not have the same effect with mental practice
(Coelho et al., 2012).

Much can be learned from the work accomplished to date,
but prior to initiating large multicenter RCTs, so demand-
ing both financially and in human resources, well-designed
and hypothesis-driven pilot studies are also needed to clar-
ify the impact of the many factors that influence MI train-
ing outcomes. For example, in one study with 14 patients,
tested on 4 consecutive days, it was possible to compare the
effects of four imagery protocols for MI training of walk-
ing (Kim et al., 2011). The findings of such studies con-
tribute to the refining of future experimental paradigms in
RCTs (Dobkin, 2009). For patients with difficulty in engag-
ing in MI, the enhancing effects of brain stimulation, such
as Transcranial Direct Current Stimulation (Ang et al., 2012;
Foerster et al., 2013) or peripheral stimulation (Saito et al.,
2013), on MI may prove to be useful. We also need to exam-
ine more closely the brain changes associated with MI training
and also to characterize the effects of different modes of MI
delivery using neuroimaging methodology such as Near Infrared
Spectroscopy (NIRS) that is more amenable to recording changes
in brain function during functional activities (Mihara et al.,
2013).

CONCLUSION
This review delved into the details of research protocols using
MI and uncovered several issues that should be addressed in
future studies. The following points are important for future
comparisons between studies, but also to facilitate the transfer
of experimental findings to clinical settings. A better under-
standing is needed of factors contributing to training effects
in relation to each mode of MI delivery, as is clarification of
their respective impact at various stages (subacute-chronic) of
motor recovery to guide their use. Thus, it is important to
systematically record the content and quantity of training regi-
mens (physical and mental) to gain some understanding of the
dose-related responses associated with each mode of MI deliv-
ery. Also, it is essential to select patients that can engage in MI
and to use manipulation checks to confirm their adherence to
MI training. The selection of valid outcome measures specific
to the trained tasks is a central issue; the choice of outcomes
should be based on psychometric properties such as reliabil-
ity and sensitivity to ensure detection of clinically significant
changes. Finally, sub-group analyses are required to character-
ize responders from non-responders to a given MI training.
This review proposes a framework to assist in the integration
of MI into rehabilitation programs. We know little about the
potential use of MP in persons with subacute stroke. Thus, the
challenge has now shifted towards the demonstration that MI
training can enhance the effects of regular therapy in persons
with subacute stroke during the period of spontaneous recovery.
The proposed framework is only a starting point. The com-
bined effort of clinicians and researchers is essential to put it
to the test, and to adjust it in accordance with ongoing clinical
findings.
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Over the last 20 years, the topics of action observation (AO) and motor imagery (MI) have
been largely studied in isolation from each other, despite the early integrative account
by Jeannerod (1994, 2001). Recent neuroimaging studies demonstrate enhanced cortical
activity when AO and MI are performed concurrently (“AO+MI”), compared to either AO
or MI performed in isolation. These results indicate the potentially beneficial effects of
AO+MI, and they also demonstrate that the underlying neurocognitive processes are
partly shared. We separately review the evidence for MI and AO as forms of motor
simulation, and present two quantitative literature analyses that indeed indicate rather little
overlap between the two bodies of research. We then propose a spectrum of concurrent
AO+MI states, from congruent AO+MI where the contents of AO and MI widely overlap,
over coordinative AO+MI, where observed and imagined action are different but can
be coordinated with each other, to cases of conflicting AO+MI. We believe that an
integrative account of AO and MI is theoretically attractive, that it should generate novel
experimental approaches, and that it can also stimulate a wide range of applications in
sport, occupational therapy, and neurorehabilitation.

Keywords: motor simulation, mirror neurons, joint action, observational practice, mental practice, video therapy,
occupational therapy, motor rehabilitation

INTRODUCTION
In this paper we contribute to the emerging integration of
research on action observation (AO) and motor imagery (MI).
We outline a coherent account of both forms of action represen-
tation, which have been typically studied in their own right and
by different scientific communities and sub-communities (Moran
et al., 2012). Our first point is not new: observers can engage in
AO and MI simultaneously (“AO+MI”), and doing so does not
take particular skill. Such integrated AO+MI appears to be more
pervasive than either form of action representation alone. Our
second and main point is that the contents of such simultaneous
AO+MI need not coincide. We propose that there is a spectrum
from fully congruent AO+MI, where the observer imagines per-
forming the observed action, perhaps through periods of partial
occlusion from sight and enriched by the imagined kinesthetic
sensations that would arise during one’s own motor execution,
through to scenarios where the contents of AO and MI con-
flict, that is, where co-representation of two different actions is
difficult or impossible to sustain and where markers of represen-
tational depth indicate competition. Lying between the extremes
of congruent AO+MI and incongruent, conflicting contents of
AO and MI is the co-representation of two different actions that
can be coordinated in some manner. For example, in combat
sports, I might watch a video recording of a future opponent
whilst simultaneously imagining myself performing specific tech-
nical attacks or defense movements against that opponent. We
believe that this proposed spectrum from congruent over coor-
dinative to conflicting AO+MI states will motivate researchers to
probe the two component processes, as well as their interaction,

in greater depth than previously undertaken. At the same time,
we can see tremendous opportunities for examining the applica-
tion of various forms of concurrent AO+MI in motor learning
and neurorehabilitation.

Our article is organized as follows: In the first section, we turn
to the field of motor rehabilitation, where a number of research
groups have already made a research-based case for combin-
ing AO and MI. Both forms of action representation have been
proposed as promising adjunct treatments to conventional phys-
iotherapy, but an integrated approach to treatment is still largely
absent. We review recent neuroimaging studies which underpin
the proposal of integrating AO and MI in motor rehabilitation
and briefly point to future opportunities and open questions. In
section “Action observation and motor imagery—a continuum,”
we outline an integrative account of AO and MI as motor simu-
lation, inspired by the early contribution by Shepard (1984). In
section “Motor imagery as motor simulation,” we review the evi-
dence, from both behavioral and neuroimaging studies, for MI as
a prototypical form of action simulation, as originally proposed
by Jeannerod (2001, 2006). In section “Research on action obser-
vation and motor imagery,” we turn to research on AO, which
has generated comparable evidence for motor simulation during
AO. We then present evidence from two quantitative literature
analyses for the rather scarce overlap between research on MI
and on AO, and we discuss the links that have previously been
made between the two forms of action representation. In sec-
tion “Multiple roles of motor imagery during action observation,”
we then describe the full spectrum of AO+MI states as outlined
above, along with possible training applications. On a theoretical
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level, we propose a distinction between a default mode of action
simulation during AO and a more specific AO+MI state where
the observer actively maps the observed action onto her/his own
body schema via engaging in MI.

A CASE FOR MOTOR IMAGERY DURING ACTION
OBSERVATION
In motor rehabilitation, both MI and AO have been proposed as
adjunct treatments to conventional physiotherapy (e.g., Mulder,
2007; Garrison et al., 2010). The available clinical studies demon-
strate varied success of both MI (e.g., Crosbie et al., 2004;
Dijkerman et al., 2004; Page et al., 2007; Ietswaart et al., 2011;
for review see Braun et al., 2013; Malouin et al., 2013, this issue)
and AO therapy (Ertelt et al., 2007; Celnik et al., 2008; Ewan et al.,
2010; Franceschini et al., 2010; Cowles et al., 2013; for review see
Gatti et al., 2013), and a multi-center study on AO therapy is
currently underway (Ertelt et al., 2012). Typically only one form
of treatment, either MI or AO, has been used as an interven-
tion [for an exception, see Ietswaart et al. (2011)], possibly with
the conclusiveness of the clinical trial in mind. However, such a
“purist” approach ignores the possible benefits of a multimodal
motor simulation training with AO and MI as integrated com-
ponents. For example, in some of our electrophysiological and
neuroimaging studies, we have deliberately combined instruc-
tions for AO and MI in the practice phases (e.g., Wehner et al.,
1984; Higuchi et al., 2012), with the aim of maximizing the ben-
efits of non-physical forms of practice, even though doing so
precluded specific conclusions about the effects of pure AO vs.
pure MI vs. combined AO+MI.

Fortunately, a number of recent neuroimaging studies have
directly contrasted these conditions using healthy participants.
Filimon et al. (2007) compared activations during AO, MI (visuo-
motor imagery without visual input), and during execution of
reaching movements, and they found differences between AO and
MI only in occipital (visual motion) regions. Furthermore, motor
execution induced stronger activations than either AO or MI in
a number of execution-related areas, including primary sensori-
motor areas, posterior parietal cortex, and dorsal premotor cortex
[see also Vogt et al. (2007), for similar results during observa-
tion, preparation, and motor execution of a complex grasping
task]. In no less than four recent neuroimaging studies, passive
observation was contrasted with combined AO+MI, where the
instructions required participants to imagine performing the dis-
played movement from a first-person perspective (Macuga and
Frey, 2012; Nedelko et al., 2012; Berends et al., 2013; Villiger
et al., 2013). Nedelko et al. (2012) designed their conditions
to match their video therapy sessions with stroke patients and
included videos of simple and multiphasic hand-object interac-
tions, as well as pantomimed actions. Combined AO+MI induced
stronger activations than passive AO in inferior parietal cortex,
supplementary motor area (SMA), inferior frontal gyrus (IFG),
caudate nucleus, and the cerebellum. Macuga and Frey (2012)
contrasted passive AO, AO+MI, and AO plus imitative execution
of bimanual finger sequences. In line with the results of Filimon
et al. (2007), imitative execution induced stronger activations in
a number of execution-related areas. More importantly, com-
pared to passive AO, combined AO+MI increased activations in

the pre-SMA and left IFG, as well as cingulate cortex and ante-
rior insula. Further, a manipulation of visual perspective of the
observed action (1st- vs. 3rd-person) only produced differences
in occipital regions, which the authors attributed to differen-
tial stimulation of the lower and upper visual fields in their
paradigm. In the fMRI study by Villiger et al. (2013), essentially
the same three conditions as in Macuga and Frey (2012) were
compared for first-person displays of a kicking action. MI dur-
ing AO resulted in enhanced activations relative to AO alone in
bilateral ventral premotor cortex, left inferior parietal cortex, and
left insula. Further, a conjunction analysis of AO+MI and AO
plus imitative execution showed a substantial overlap between the
related activations in motor cortical areas, indicating that large
parts of the motor execution network can be activated during
AO+MI. Finally, Berends et al. (2013) demonstrated that the dif-
ferences between combined AO+MI and AO alone can also be
demonstrated using EEG. The authors found substantially larger
desynchronizations during AO+MI, where participants observed
movie clips of repeated pincer grips.

These studies highlight two important points. First, they
strengthen the evidence for a considerable overlap between AO,
AO+MI, and visually guided motor execution, in that all three
forms of action representation involve a bilateral network within
posterior parietal and frontal premotor cortex, also known as the
“AO network” [see also meta-analysis by Caspers et al. (2010),
and section “Research on action observation and motor imagery”
below]. Second, AO+MI induced stronger activations in certain
regions of this network than observation alone. On this basis, all
four research teams recommended the use of combined AO+MI
procedures in neurorehabilitation.

It should be noted, however, that stronger activations are not
always “better,” and that differential activations whilst engaging in
action representation instructions do not allow direct inferences
about the possible effects on skill learning. The study by Higuchi
et al. (2012) illustrates this point: Participants were scanned dur-
ing observational practice (involving combined AO+MI) and, in
separate scanning sessions, during imitative execution of man-
ual actions (guitar chords) that had previously been practiced
either via AO combined with MI, or via physical practice. As
expected, when scanned during AO, a common network involv-
ing posterior parietal and premotor regions was found acti-
vated, with only minor differences between the two forms of
practice (see also Cross et al., 2009). During imitative execu-
tion, the results were strikingly different: Chords that had been
observationally practiced induced substantially stronger activa-
tions during imitative execution than the physically practiced
chords. Given that the behavioral data indicated smaller prac-
tice effects for the observationally practiced actions than for the
physically practiced actions, and given the general trend for the
cortical activations to reduce with increasing practice (“neural
efficiency,” Kelly and Garavan, 2005; Babiloni et al., 2009, 2010),
these results indicated a lack of execution-related resources in
observationally practiced actions. Importantly, however, when
compared with non-practiced actions the observationally prac-
ticed actions also exhibited neural efficiency effects. Thus, whilst
the study by Higuchi et al. (2012) reminds us that we cannot
normally expect non-physical forms of practice to produce the
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same results as physical practice, it also indicates that AO+MI
procedures can have substantial benefits. In future, it would be
desirable that imaging studies contrast the practice effects of dif-
ferent forms of action representation, such as pure AO, pure MI,
and AO+MI.

Taken together, the studies reviewed in this section not only
illustrate the feasibility of simultaneous AO+MI instructions,
they also demonstrate the immediate facilitatory effects of com-
bining AO with MI, as well as longer-term positive effects on
motor learning (sensu neural efficiency). Whilst further clinical
trials are needed to confirm these effects in neurorehabilitation
(Ertelt et al., 2012), the above studies clearly indicate that AO and
MI training should not be seen as mutually exclusive means of
treatment, but that their combined and simultaneous usage can
be highly recommended. This conclusion will hopefully empower
physiotherapists to develop and apply a wide range of tasks to help
patients to (re-)engage in motor simulation processes. Many open
questions remain at present, such as the suitability of specific sub-
forms of motor simulation training for particular patient groups,
the most suitable design of video therapy materials, and which
perspective and modality instructions might be most appropriate.

ACTION OBSERVATION AND MOTOR IMAGERY—A
CONTINUUM
Roger Shepard once caricatured “perception as externally guided
hallucination, and dreaming and hallucination as internally simu-
lated perception” (Shepard, 1984, p. 436). Similarly, we see AO as
externally guided motor simulation, and MI as internally simu-
lated execution. The idea that motor simulation might underlie
both AO and MI was originally proposed by Jeannerod (1994,
2001, 2006), and more recently motor simulation, along with pre-
diction as its most prominent cognitive function, has become
a commonly accepted framework for a wide range of cognitive
domains (Grush, 2004; Kilner et al., 2007; Bubic et al., 2010;
Pezzulo et al., 2013). Before we turn to motor simulation in AO
and MI in greater detail, we wish to illustrate the possible rela-
tionships between them by means of Figure 1, which is adapted
from Shepard (1984) but reframed for the present purposes. Both
schemata aim to distinguish different “externally and internally
instigated representational processes” (ibid., p. 435).

ACTION OBSERVATION
With reference to Figure 1, the most frequently studied case
of AO is (b), which represents observation of another person’s
action under favorable viewing conditions. The schema firstly
suggests that this proceeds (rapidly) from sensory processing of
the observed action to motor simulation processes (e.g., Eskenazi
et al., 2009; Zentgraf et al., 2011; for discussion, see Kilner, 2011).
Second, the orientation of the triangles indicates the externally
driven character of sensory and motor processes in this case. This
implies that motor simulation processes are not only initiated by
sensory events but that they can also unfold in close coupling to
external, temporally extended events such as observed actions.
Rectangle (a) in Figure 1 indicates that motor simulation pro-
cesses are not mandatory in AO. For instance, in the domain of
speech perception, Scott et al. (2009) concluded that motor sim-
ulation processes are more heavily involved under impoverished

Motor 
simulation

.

.

.

.

.
Sensory 
resonance

Temporal structure internally generated

Temporal structure externally provided

a b c d e f

FIGURE 1 | The continuum between action observation and motor
imagery, modified from Shepard (1984), for details see text. Note:
Whereas Shepard’s scheme encompassed a wider range of cognitive
processes, we focus on AO and MI. In addition, we have replaced
Shepard’s ordinate of a “hierarchy of resonant modes” (from most concrete
and sensory at the bottom to most abstract and conceptual at the top) by a
sensory-motor axis.

stimulation (e.g., distorted speech) so that (a) would represent
the normal case in this domain. Whereas motor involvement in
AO is a more typical finding than in speech perception, the latter
at least illustrates the possibility of AO without the involvement
of simulation processes. For instance, drawing on the study by
Buccino et al. (2004), Rizzolatti and Sinigaglia (2010) conclude
that “these data indicate that the recognition of the motor behavior
of others can rely on the mere processing of its visual aspects” (ibid.,
p. 270; see also Gallese et al., 2011). Finally, rectangle (c) indicates
that motor simulation during AO does not rely on continuous
concurrent sensory guidance but can also proceed under reduced
visual input, such as transient occlusion.

MOTOR IMAGERY1

Rectangles (d) to (f) represent wholly internally driven motor
simulation. We propose that vivid MI can invoke the full spec-
trum of sensory and motor representation (d), whereas less vivid
instances of MI, remembering, and goal prediction (e, f) might
lack specific sensory features but still originate in motor simu-
lation. In line with this, MI is commonly defined as the mental
simulation of one’s own performance without any associated
overt movement (Jeannerod, 1994). It involves a subset of the
neurocognitive preparatory and “real-time” processes of motor

1Note that in Figure 1, unlike in Shepard’s (1984) original schematic, we
have deliberately conflated the transition from perception (a–c) to imagery
(d–f) with a change of the observer’s viewpoint: for perception, we assume
observation of a third person’s action (the most typical situation in which
mirror neurons have been studied), and for imagery, we assume MI of one’s
own action (first-person perspective). Already Jeannerod (1994) pointed to
an intermediate simulation state, namely dynamic visual imagery of a third
person’s action, which comes closest to visual perception of another person’s
action. For simplicity of exposition we will largely neglect this case of exter-
nal visual imagery in the present paper. However, we will consider perspective
manipulations in AO in section “Perspective matters.”
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execution. More specifically, the preparatory phase of both motor
execution and MI (Vogt, 1994) typically includes the anticipation
of distal and proximal action effects (e.g., Ziessler et al., 2012)
along with, for example, an action-oriented processing of object
properties (Milner and Goodale, 2008). The real-time processes
during both execution and MI further involve a “sense of effort”
(James, 1890), agency (Frith, 2010, 2013), the experienced or
simulated kinesthetic and other sensory input, and related mon-
itoring operations (Shallice, 2004). One main difference between
actual and imagined movement is that during the latter, motor
commands are inhibited throughout the motor system to prevent
overt execution (Guillot et al., 2012a). Practically, inhibition dur-
ing MI may be a functional process resulting from the specific
contribution of neural sites usually dedicated to overt motor pro-
cessing. From a multifactorial viewpoint, motor inhibition might
involve both cerebral and spinal mechanisms, and three possi-
ble routes for motor command inhibition during MI have been
proposed in the literature (Guillot et al., 2012a).

In summary, Figure 1 introduces the notion that AO and MI
can involve a similar range of sensory and motor representational
processes that constitute a continuous descriptive framework,
where the two principal dimensions are the external vs. internal
origin, and the emphasis on sensory resonance vs. motor simula-
tion. AO and MI differ in that AO can involve motor simulation
to varying degrees, and that it can rely on both external and (in
part) internal guidance, whereas MI proceeds by definition in the
absence of external guidance, and it can vary in the concreteness
of sensory representation. These proposals will be elaborated in
the next two sections.

MOTOR IMAGERY AS MOTOR SIMULATION
The ability to imagine is one of the most remarkable capacities
of the mind to simulate sensations, actions and other types of
experience. Morris et al. (2005, p.19) defined imagery as “the
creation or re-creation of an experience generated from memorial
information involving quasi-sensorial, quasi-perceptual and quasi-
affective characteristics, that is under the volitional control of the
imagery, and which may occur in the absence of the real stimulus
antecedents normally associated with the actual experience.” Within
this general definition, the process of imagining motor execution
is known as MI. MI is a multimodal construct based on distinct
sensory modalities, and there is compelling evidence that differ-
ent imagery modalities and imagery types can be performed, with
visual and kinesthetic imagery being probably the most frequently
reported. Diary imagery studies have shown that about two thirds
of our mental images are visual in nature (Moran, 2002). During
internal visual imagery (first-person perspective), people visual-
ize the action as it would happen in real-life and see images as if
through their own eyes. During external visual imagery (third-
person perspective), people imagine, like spectators, the action
that somebody is performing, regardless of the agency of that
movement (i.e., whether they “see” themselves or others perform-
ing it). By contrast, kinesthetic imagery involves the sensations
of how it feels to perform an action, including the force and
effort perceived during movement, hence suggesting the body as
a generator of forces (Jeannerod, 1994). Practically, these defini-
tions suggest that MI is the prototypical form of motor simulation

(Jeannerod, 2001, 2006). While one can consider that pure visual
imagery—i.e., without engaging in motor simulation—is possible
(e.g., think about consequences of different actions abstractly),
MI requires a motor strategy in almost all situations. In his motor
simulation theory, Jeannerod (2006, p. 130) postulated that rep-
resented actions might involve a large subset of the mechanisms
that usually participate in the various stages of action generation,
including motor execution.

A significant number of experimental and neuroimaging stud-
ies support the proposal that MI involves motor simulation.
First evidence comes from mental chronometry work, where
researchers compared the time taken to imagine a movement
with that needed to actually perform it (for review, see Guillot
et al., 2012b). Since the pioneering contribution on this topic by
Decety et al. (1989), a handful of experimental studies have shown
that participants take the same time to achieve both physical and
mental tasks. This is known as the principle of temporal congru-
ence, which is based on motor prediction of the temporal features
of the movement to be imagined. While there are several influ-
encing factors likely to affect imagery times (Guillot and Collet,
2005), mental chronometry data strongly support that partici-
pants engage in motor simulation of the actual movement during
MI by predicting as accurately as possible the temporal features
of the corresponding action. A second line of evidence derives
from recording the autonomic nervous system activity during MI.
In their recent review, Collet et al. (2013) conclude that engag-
ing in MI requires motor planning and programming operations,
and anticipating the possible consequences of an action, such
brain operations being accompanied by a set of physiological
responses which can be recorded at the level of peripheral effec-
tors. There is now ample evidence that MI and physical practice
of the same movement elicit similar autonomic nervous system
responses (e.g., Decety et al., 1991; Wuyam et al., 1995; Roure
et al., 1999), and that imagery ability and efficacy can even be
objectified and evaluated through autonomic responses (Collet
et al., 2011).

Neuroimaging experiments also support the contention that
MI involves motor simulation. Understanding the neural corre-
lates of goal-directed action, whether executed or imagined, and
exploring the neural underpinnings of different kinds of MI, has
been an important purpose of cognitive brain research for the
last three decades (for reviews, see Jeannerod, 1994; Grèzes and
Decety, 2001; Nyberg et al., 2006; Munzert et al., 2009; Hétu
et al., 2013). Briefly, studies have demonstrated that MI engages
motor systems, and that the cerebral plasticity resulting from
actual practice also occurred as a result of MI. These findings help
to explain why MI can improve actual performance, and further
contribute to motor memory consolidation. Of specific interest
is the strong overlap between the neural networks mediating MI
and the corresponding substrates activated during physical prac-
tice. Interestingly, Ehrsson et al. (2003) found that MI of hand,
foot and tongue movements specifically activated the correspond-
ing hand, foot and tongue sections of the primary motor cortex,
hence suggesting specific motor simulation processes during MI.
A similar conclusion can be drawn from studies comparing the
neural networks activated during visual and kinesthetic imagery
(Solodkin et al., 2004; Guillot et al., 2009), as motor systems were
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found to be more active during kinesthetic imagery, which is
closer to actual practice and requires considering the body as a
generator of forces to simulate the movement. Finally, a seminal
clinical study in a patient with bilateral parietal lesions showed
a complete unawareness of movement execution during imagery,
where the patient exhibited hand movements during MI of the
same body segments while explicitly denying that they occurred
(Schwoebel et al., 2002). In other words, this patient engaged
in complete motor simulation but failed to inhibit the motor
consequences of MI which usually preclude actual movement.

A last line of (indirect) evidence of motor simulation dur-
ing MI comes from experimental studies showing practice and
instantaneous priming effects. Many studies of mental prac-
tice effects have demonstrated the efficacy of MI for improving
motor performance and consolidation (for reviews, see Feltz and
Landers, 1983; Driskell et al., 1994; Weinberg, 2008; Schuster
et al., 2011). Such simulation of movements may engage rele-
vant motor-related areas and might further build associations
among processes implemented in different areas, hence facili-
tating subsequent motor execution (Jeannerod, 2001; Kosslyn,
2010). Recently, Ramsey et al. (2010) further demonstrated that
imagining an action that was different to the to-be-performed
action interfered with action execution. This finding shows that
MI is likely to prime the motor system to produce the action,
hence supporting that MI involves motor simulation processes
(see also Vogt, 1995, 1996).

RESEARCH ON ACTION OBSERVATION AND MOTOR
IMAGERY
While the general topic of mental imagery, if not MI itself, is
one of the oldest areas of inquiry in psychology (Galton, 1883;
James, 1890; Sully, 1892; Titchener, 1909), by contrast, “action
observation” as a phrase seems not to have become prominent in
the psychological literature until the 1990s, following a series of
much-cited papers on mirror neurons and their properties (Di
Pellegrino et al., 1992; Gallese et al., 1996; Rizzolatti et al., 1996,
see Rizzolatti and Fabbri-Destro, 2010). Of course, this is not
to say that observation of action was ignored by psychological
research prior to this: it clearly was not. However, AO was given
a new, or renewed, significance by the discovery of mirror neu-
rons and developments in the understanding of perception-action
links. Whereas the computational stages in MI, from the inten-
tion to act to real-time imagery, are most likely highly similar to
those in non-imagined actions, the notion of direct links between
AO and the motor system is less intuitive, and only over the
last two decades, theorizing in neuroscience and psychology has
fully embraced the latter idea. We now briefly recapitulate these
developments, with a view on the commonalities and differences
between AO and MI.

The discovery of mirror neurons in the macaque monkey was
made in the context of motor neuroscience (Rizzolatti and Fabbri-
Destro, 2010). The original findings opened up the possibility
of establishing action understanding as a new, cognitive func-
tion of the motor system, and this pursuit has been a strong
driver of the related research from its very beginning (Rizzolatti
and Sinigaglia, 2010). Furthermore, once the existence of mirror
neurons was established, for experimental scientists in various

disciplines the study of AO and related imitative phenomena
promised to illuminate intuitively appealing psychological top-
ics such as empathy and theory of mind (but see Frith and Frith,
2006, 2012; Van Overwalle and Baetens, 2009). This prompted an
impressive research effort into potentially similar mirror mech-
anisms in the human brain (Rizzolatti and Sinigaglia, 2010).
Whereas the number of human brain regions with mirror proper-
ties and their exact functions is still under debate (e.g., Rizzolatti,
2005; Gallese et al., 2011), a large number of neuroimaging stud-
ies have demonstrated that motor cortical structures in the ventral
and dorsal premotor cortex and in the adjacent caudal sector of
the IFG are typically activated during AO, together with visual
temporal and posterior parietal regions (Caspers et al., 2010), as
well as somatosensory cortex (Keysers et al., 2010). Together these
regions are also known as the “AO network.”

As we have already noted in section “A case for motor imagery
during action observation,” a fairly large overlap of activations
was found in the few studies that have directly compared AO and
MI, possibly indicating that basic motor simulation processes are
shared between MI and AO. Kilner (2011) recently proposed a
two-process account of AO, where the initial action recognition
(via a ventral temporo-frontal pathway) is segregated from motor
simulation (via the parieto-frontal mirror circuit). This proposal
does not preclude the rapid and simultaneous operation of the
two processes, and it helps to clarify our present focus on the
second process in Kilner’s framework, motor simulation (Pezzulo
et al., 2013). Motor simulation, in the sense of an internal, on-
line representation of the observed action, is particularly useful
when the observer needs to predict a certain temporal landmark
(e.g., object release) of the observed action for purposes such
as attuning one’s own action toward this landmark or synchro-
nizing one’s own action with the observed action. A particularly
impressive demonstration of the close coupling between observed
actions and the observer’s motor system was provided by Borroni
et al. (2005), who showed that the excitability of the motor sys-
tem exhibited a cyclical time course that closely matched that of
an observed rhythmical action. In fact, such motor simulation, or
“motor resonance” (Rizzolatti et al., 2002) is so universally use-
ful that it might be described as a default mode of visuo-motor
processing during AO. Finally, Schubotz (2007) and Bubic et al.
(2010) have generalized this form of action prediction beyond
actions that are in the behavioral repertoire of the observer
and demonstrated that the premotor cortex is also involved in
the prediction of non-biological events and event sequences. In
summary, the available neuroimaging studies clearly support the
notion of motor simulation as a default mode of AO, which can
subserve a variety of functions.

In psychological research, the seminal reaction time studies by
Brass et al. (2000) and Stürmer et al. (2000), both conducted in
W. Prinz’ perception-action group at the Max-Planck Institute
for Psychological Research, motivated a large set of studies on
visuomotor priming or “automatic imitation” (for reviews, see
Vogt and Thomaschke, 2007; Heyes, 2011). Basically, these stud-
ies show that observed actions can bias the speed and accuracy
in which similar actions are performed, and they thus provide
behavioral evidence for direct links between AO and motor
planning. A central feature of these studies is that the observed
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actions are normally irrelevant for the observer’s own action
planning, which strengthens the notion of low-level, automatic
perception-action links. A second feature of this line of research
was its focus on static depictions of actions [e.g., the prototypical
lifted index finger of Brass et al. (2000)], although more recently
automatic imitation effects have also been documented for tem-
porally extended actions, such as everyday rhythmical actions
(Eaves et al., 2012).

As already pointed out in section “Action observation and
motor imagery—a continuum,” a key difference between AO
and MI is their external vs. internal origin. AO involves the
sensory processing and attunement to the partly unpredictable
action “out there,” whereas these processes are by definition not
part of MI. AO thus includes a wider range of neurocognitive
processes than MI, particularly action recognition and intention
understanding (Rizzolatti and Sinigaglia, 2010), action prediction
(Springer et al., 2013), and collaborative action (either imitative
or complementary, joint action, Bekkering et al., 2009). In the
present paper, we focus on an instance of AO which exhibits
the greatest similarity to MI, namely the repeated observation
of largely predictable action displays, such as the repeated
observation of object grasping as used in motor rehabilitation
(Ertelt et al., 2007; Nedelko et al., 2012). As described above,
a large number of both neuroimaging and behavioral studies
confirm the involvement of motor processes in this form of AO.
Notwithstanding the considerable overlap between AO and MI
in this respect, AO surely encompasses additional neurocognitive
processes.

This brief review of neuroimaging and behavioral research
on AO reinforces the idea that, until now, the two bodies of
research have not been particularly interested in the possible
commonalities between AO and MI. Both neuroscientists and
psychologists were (understandably) attracted by the opportunity
to manipulate visual displays, rather than MI instructions, and
to demonstrate visuomotor priming effects independently of the
observer’s task instructions. Likewise, researchers working on MI
have rarely explored the virtues of using task-irrelevant displays,
given that participants can be directly instructed to engage in MI
tasks. That is, as already noted in the Introduction, until now
the processes of AO and MI have, with a few notable exceptions,
been considered separately and investigated by different groups
of scientists2 (for different sub-communities within research on
MI, see Moran et al., 2012). In the remainder of this section, we
present two quantitative literature analyses which tentatively sup-
port this claim, and then turn to previous points of contact and
attempts of integration between the two research fields.

HIGHLIGHTS OF THE AO / MI LITERATURE
One way to demonstrate a lack of overlap between research on AO
and MI is to revisit the related meta-analyses. Interestingly, the
first such meta-analysis (Grèzes and Decety, 2001) encompassed

2There are substantial critiques of the idea of scientific communities and
of citation analyses as sufficient basis for establishing them (Woolgar, 1976;
Edge, 1979; Knorr-Cetina, 1982; Zuckerman, 1987). Our aim is not to make
a bold claim for the existence of separate (a problematic term) communities
(another problematic term) but more modestly to highlight how the theories
and findings have not been cross-referenced in a way we see as productive.

motor execution and MI, as well as AO. The more recent meta-
analyses, however, are either focused on AO (Caspers et al., 2010,
on AO and imitation; Van Overwalle and Baetens, 2009; Grosbras
et al., 2012, on AO and metalizing) or on MI (Hétu et al., 2012,
2013), but not on both. Despite the wholly legitimate, narrower
focus of these recent meta-analyses, overlap between the under-
lying individual studies would still be conceivable. However, a
comparison between Caspers et al.’s (2010) and Hétu et al.’s
(2013) meta-analyses shows surprisingly little overlap: Of the 87
studies on cortical activations during AO and imitation that were
included in the meta-analysis by Caspers et al. (2010), just four are
also cited in Hétu et al.’s (2013) meta-analysis on the neural cor-
relates of MI. Even allowing for different papers being reviewed
in order to justify a novel contribution, this number is small. And
of the 335 papers cited by the two articles together, just 18 are
cited by both. This offers at least a prima facie case for claiming
that the two research areas have not overlapped to the extent one
might have expected.

Looking more widely at the impressive literature dealing with
these two research areas confirms that MI and AO have been
largely studied in relative isolation from each other. For instance,
over the last 20 years, both MI and AO have been shown to
contribute to improve motor performance and facilitate motor
recovery, but few researchers have investigated whether MI and
AO might be combined or considered in a common framework.
We performed a literature search from the PubMed database by
selecting indexed articles related to (i) motor/movement/action
imagery and (ii) motor/movement/AO and action imitation. A
large sample of 2172 references (including review papers) met the
topical inclusion criteria (note that a substantial number of sport-
related references do not appear in the Pubmed database and were
therefore not considered in this illustrative overview of MI and AO
research areas. This may explain the unexpectedly small number
of MI studies in Sport psychology). 1203 articles investigated MI
while 969 focused on AO. Each reference was then categorized as
a study on either brain computer interface (BCI), cognitive psy-
chology, rehabilitation, or sport psychology (Figure 2). The lack
of AO research in BCI is basically expected and trivial. A larger
number of AO studies than of MI studies was found in cogni-
tive psychology, while the reverse was true in rehabilitation, which
makes sense. The higher number of AO studies in sport psychol-
ogy is more surprising, but the list of references retrieved from
our chosen database is not exhaustive in this specific area.

The most important outcome of this analysis is that only
68 articles (3.1% of the sample) considered both AO and MI
concurrently (including 14 review papers—2 in Cognitive
psychology, 2 in Sport psychology and 10 in Rehabilitation).
The most famous integrated accounts of AO and MI can be
found in seminal theoretical papers (Shepard, 1984; Jeannerod,
1994, 2001, 2006; Annett, 1996). These authors specifically
considered both the prescriptive nature and the neural models
of action representations. Holmes and Calmels (2008, 2011) later
contrasted the definitions and benefits of AO and MI. However,
none of these important contributions was really designed to
consider the possible role of MI during AO, either when AO and
MI are congruent or incongruent. Few neuroimaging studies
have considered both AO and MI, and the neural underpinnings
of AO and MI were largely studied in isolation until more
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recently, when more detailed overviews of the substrates of action
simulation have been provided (Munzert et al., 2009; Lorey
et al., 2013a,b). Only a handful of researchers even considered
concurrent AO+MI (see section “A case for motor imagery
during action observation”). The advent of transcranial magnetic
stimulation and the study of corticospinal excitability increased
the number of studies contrasting and/or combining AO and
MI (Clark et al., 2004; Leonard and Tremblay, 2007; Tremblay
et al., 2008; Conson et al., 2009; Liepert and Neveling, 2009;
Sakamoto et al., 2009; Battaglia et al., 2011; Feurra et al., 2011;
Loporto et al., 2011; Bianco et al., 2012; Tsukazaki et al., 2012).
Furthermore, researchers investigating BCI systems now consider
the impact of both AO and MI on the modulation of brain
rhythms (e.g., Neuper et al., 2009). Finally, some experimental
studies in the field of sport psychology (Lejeune et al., 1994),
cognitive psychology (Vogt, 1996; Conson et al., 2009; Ramsey
et al., 2010; McCormick et al., 2012; Williams et al., 2012), as well
as review studies in the field of motor rehabilitation (Mulder,
2007; Johansson, 2012) have investigated the respective effects of
MI and AO and whether AO primes or improves MI [for a review
on learning effects, see also Gatti et al. (2013)].

Basically, most of the studies mentioned above contrasted
AO and MI, only very few considered concurrent AO+MI, and
until recently, none had considered coordinative or conflicting
AO+MI (see below). Curiously, several researchers opposed AO
and MI in order to find which technique is likely to be optimal
in enhancing performance. For instance, Holmes and Calmels
(2008, 2011) stated that observation can provide some solutions
to the problems identified in the use of imagery (e.g., image gen-
eration and maintenance, behavioral agency, control of visual
perspective, and viewing angle) and offers a more ecologically
valid environment for addressing many sporting tasks. Whilst
this is probably sound in some circumstances and their exam-
ples are well-illustrated, it is unclear whether or not observation
as conceptualized by Holmes and Calmels is accompanied by
the mental representation of the corresponding action sensu MI.
Another example comes from instructions delivered in some MI
experiments where researchers have drawn conclusions about
MI use when the participants were actually asked to engage in
combined AO and MI (Macuga and Frey, 2012). All combinations

FIGURE 2 | Percentage of AO, MI, and AO+MI studies in the four
pre-determined research areas.

of AO+MI procedures will now be detailed in section “Multiple
roles of motor imagery during action observation,” in order
to provide a better overview of the possible associations and
differences between AO and MI.

MULTIPLE ROLES OF MOTOR IMAGERY DURING ACTION
OBSERVATION
In the previous section, we have pointed out that research on
AO and MI has been carried out, to a large extent, by differ-
ent research groups, despite the fact that integrative accounts
of AO and MI as sub-forms of action representation, or action
simulation, have been available for quite some time (Shepard,
1984; Jeannerod, 1994, 2001, 2006). The possibility of concurrent
AO+MI states, however, was not featured in the above accounts.
In section “A case for motor imagery during action observation”
we have already made a case for concurrent AO+MI, based on the
recent neuroimaging studies by Macuga and Frey (2012), Nedelko
et al. (2012), and Berends et al. (2013). We now explore the
full spectrum of AO+MI states (Figure 3), and begin with per-
haps the most practically relevant scenario: the case of congruent
AO+MI, which was also studied by the above authors.

CONGRUENT AO+MI
Here the observer is imagining self-execution whilst observing
another person performing the same type of action. In a first
approximation, the combined rectangles (b) and (d) in Figure 1
correspond to this scenario, where rectangle (b) represents the
simulation of the observed person’s action, and rectangle (d) the
simulation of one’s own action. In line with our definition of MI,
the latter simulation includes a “sense of effort” (James, 1890),
a sense of agency, and the imagined kinesthetic sensations that
would arise during one’s own motor execution.

At first sight, the idea of two simulation processes that run
in parallel might appear unparsimonious, but consideration of
incongruent and conflicting AO+MI states (see below) will
strengthen this “dual-simulation” view. Subjectively, the contrast
between AO and AO+MI is striking: Whereas in typical AO, the
observer can certainly engage with the observed action and, e.g.,
anticipate the next steps in a high jump or in a household routine,
in concurrent AO+MI one’s own body schema gets “switched on”
and, e.g., an observed hand movement is mapped onto one’s own
felt hand (and in body-oriented actions such as brushing teeth,
this simulation could further include imagery of the pressure of
the toothbrush on the teeth). This subjective difference is pre-
sumably reflected in the stronger activations for AO+MI in a
number of cortical sites found in the studies by Macuga and Frey
(2012) and Nedelko et al. (2012). Further careful manipulation
of imagery instructions during AO will be required to pinpoint
the neural signatures of the two concurrent processes. For exam-
ple, we would expect that activations in somatosensory cortex,
which are consistently found during execution and AO (Keysers
et al., 2010) would be substantially enhanced by related AO+MI
instructions. Surprisingly, while this region has been found to be
activated during MI (e.g., Porro et al., 1996; Lotze et al., 1999;
Gerardin et al., 2000), the somatosensory cortex has rarely been
considered a region of interest in MI studies, and, therefore, its
involvement was not extensively discussed.
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FIGURE 3 | The spectrum of concurrent AO+MI states. Top panel:
congruent AO+MI; Center panel: coordinative AO+MI, where two
different actions A and B are co-represented in some form; Bottom panel:
conflicting AO+MI (see text for details).

The above conceptualization of AO+MI poses a number
of important questions. First, it is unclear at present to what
extent participants might carry out standard AO instructions as
AO+MI tasks. That is, to what extent do they spontaneously
imagine themselves performing the observed action, whether
asked to do so or not. For example, in the prominent study
by Calvo-Merino et al. (2005), observers were asked to judge
“how tiring” the observed dancing movements felt,—an instruc-
tion that might well invite concurrent AO+MI. Accordingly, the
frequency of spontaneous concurrent AO+MI is an important
and largely ignored confound in the majority of existing neu-
roimaging studies on AO. The elegant fMRI study by Oosterhof
et al. (2012) underlines this possibility via an in-depth compari-
son of activations for AO during motor execution with those for
AO+MI.

Second, in our overview of different simulation states in sec-
tion “Action observation and motor imagery—a continuum,” we
have left it open as to when the observer might hold a sense
of agency. Generally we would assume agency for all forms of
MI, including AO+MI. However, it is debatable whether the
involvement of motor simulation processes during AO per se
necessarily implies the sense of agency that is so typical of MI.
As pointed out above, Schubotz (2007; see also Bubic et al.,
2010) has argued that predictive operations of the motor sys-
tem are not limited to human actions but include a variety of
inanimate events. To give a recent example, Press et al. (2012)
provided evidence for responses of the ventral premotor cor-
tex, a classical “mirror” area, in coding geometric shapes. Thus,
there are certainly examples of motor cortical involvement with-
out experienced agency. Also for observation of human action, it

is conceivable that motor simulation can occur without a sense of
agency and without a mapping of the observed action onto the
observer’s own body schema. One possibility is that the observer
only holds a sense of agency when he or she co-represents the
observed action as their own action via MI. If this view can be
substantiated, then the notion of “understanding actions from the
inside” (e.g., Rizzolatti and Sinigaglia, 2010; Gallese et al., 2011)
would appear to unnecessarily conflate “default mode” motor
simulation processes during AO and the sense of agency that is
experienced during MI and AO+MI. In other words, we suggest
that the former processes do not imply agency, and that agency
typically results from co-representation sensu AO+MI. The sub-
jective experience of AO is not the same as that of AO+MI, and,
despite the activation overlap documented so far, we would pre-
dict agency-related differences in the underlying neurocognitive
processes.

A third interesting question arises regarding the nature of the
interactions and temporal coupling between the observed action
and the two proposed simulation processes. According to the
single cell recording work on mirror neurons (Rizzolatti and
Sinigaglia, 2010), the temporal coupling between the observed
action and its internal motor representation is tight (see also
Borroni et al., 2005). Indeed, these studies indicate minimal
delays between the external event and its motor representation.
In contrast, at present we have no information about the pos-
sible coupling between the observed action and the MI-related
simulation, or about that between both internal simulation
processes.

Fourth, it is entirely possible that engaging in MI concurrently
with AO draws on resources that are normally used for simulation
of the observed action. For example, performance in predic-
tion tasks might be compromised, or perhaps even enhanced,
by concurrent AO+MI instructions relative to AO instructions.
Competition between these two simulation processes is even
more likely in the following two scenarios.

COORDINATIVE AO+MI
Why should an observer imagine performing action A whilst
observing a different action B? When the two actions have noth-
ing in common, this is likely going to be difficult (see section
“Conflicting AO+MI”). However, one could well argue that, in
overt everyday interactions, performing one action whilst see-
ing another action done is even more common than imitative
behavior. The former is currently studied under the heading of
“joint action” (Bekkering et al., 2009), where one actor responds
to an observed action with a different, self-performed action, nor-
mally in pursuit of a joint or competitive goal (see our example
from combat sports in the Introduction). On closer inspection,
also congruent actions almost always involve a certain degree of
mismatch between observed and imagined action, for example
regarding the plane of motion or perspective, or both. A further,
prime example of joint action is ensemble music, where the very
different actions of, e.g., a jazz singer and bass player are tightly
coordinated in time (see Konvalinka et al., 2010). We would then
argue that the capability to engage in incongruent AO+MI, where
the two actions merit coordination in one way or another, is
grounded in our capacity for joint action.
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Compared to joint action, imagery in AO+MI widens the
scope of possible scenarios considerably. During both congruent
and coordinative AO+MI, observers normally focus their MI on
selected aspects of the observed action. Indeed, the idea that all
degrees of freedom of a complex observed movement could be
mapped in a 1:1 fashion onto the observer’s motor representation
is plain nonsense from the point of view of sensory anatomy alone
(Vogt, 2002). Rather, in the motor simulation of an observed
action, the case of a purely sensorily driven simulation (rectangle
b in Figure 1) is probably quite rare and limited to movements
with very few degrees of freedom, such as isolated finger move-
ments. In the majority of cases, however, AO will be focused
on certain aspects of the observed action. Already in congruent
AO+MI, it is clear that MI allows for a very narrow attentional
focus, for example, on the left knee joint of an observed downhill
skier and on the observer’s corresponding joint. Finally, coor-
dinative AO+MI is even more flexible. Returning to our jazz
ensemble, the bassist might imagine tapping along with the singer
in order to fully capture her intonation and timing. Or in our
example from combat sports, the observer might visually focus
on the opponent’s right arm whilst, in different repeats of the
video, focusing on different own body parts and on their opti-
mal imagined response. In short, coordinative AO+MI is most
likely a common everyday activity, and in formal training set-
tings in sport or motor rehabilitation, it has an abundant range
of applications.

CONFLICTING AO+MI
It is difficult to consider two actions, one observed and one
imagined, that cannot be coordinated in some way but are
solely conflicting. One example might be a skier observing a
movie (showing either himself or someone else) of a slalom but
simultaneously imagine himself falling during the same course,
but this example might also be classified as a variant of coor-
dinative AO+MI. In addition, and besides such (interesting)
examples, it may be difficult to imagine a case of conflicting
AO+MI which can be practically beneficial. However, the co-
representation of conflicting instructions, task sets, or motor
plans is of course a common research topic in psychology and
neuroscience. For instance, most of the available research on
automatic imitation effects (Heyes, 2011) relies on the con-
trast between compatible and incompatible visual stimuli during
action planning as a methodological tool. We would thus like to
illustrate possibilities for studying conflicting AO+MI, together
with the other two AO+MI states, by means of an experimen-
tal paradigm that was recently developed in one of our labs
(Eaves et al., 2012).

The starting point for the study by Eaves et al. (2012) was
the relatively scarce evidence for automatic imitation effects in
movement kinematics, as compared to the ample evidence from
studies using reaction times. In each trial, participants were
shown the picture of a rhythmical target action (e.g., toothbrush-
ing), followed by a movie of an irrelevant distractor action (e.g.,
window wiping), followed by rhythmical execution of the target
action. Across trials, the distractor action was presented in sub-
tly different tempi, which produced a significant imitation bias
during execution. In addition, the imitation bias was significantly

stronger for congruent than for incongruent actions (where con-
gruency could be regarding the type of action and/or the plane of
motion). We interpreted these results in the context of Cisek and
Kalaska’s (2010) biased competition framework, where intended
and observed actions can be represented as competing sensori-
motor streams. For incongruent actions, we proposed that the
competition between the two streams was strongly biased toward
the intended action, and that, consequently, the coupling between
the two streams was relatively weak.

A straightforward means of studying the three AO+MI states
as proposed here would be to manipulate MI instructions during
AO in the above paradigm. In a congruent AO+MI condition,
participants could be asked to imagine performing the instructed
action in synchrony with observing a congruent distractor action.
Based on the results of the neuroimaging studies reviewed in
section “A case for motor imagery during action observation,”
we would predict an enhanced imitation bias for this condi-
tion, relative to pure distractor observation as studied in Eaves
et al. (2012). A coordinative AO+MI condition could be imple-
mented by requiring participants to imagine the instructed action
in synchrony with a distractor action that is incongruent in terms
of action type or plane of motion. Whilst the studies by Hove
et al. (2010) and Eaves et al. (2012) indicate stronger synchro-
nization effects for congruent actions, it is also conceivable that
explicit instructions to coordinate two different actions, as envis-
aged here, might produce a similarly strong imitation bias for
such coordinative AO+MI as for congruent AO+MI. Finally,
conflicting AO+MI conditions could be studied by asking par-
ticipants to imagine holding a static posture of the instructed
action during AO. Here we would expect that the imitation bias
would be largely abolished. A second means of studying conflict-
ing AO+MI would be to display a static image whilst participants
imagine rhythmical performance of the instructed action. Such
manipulations are suitable for exploring the relative strength of
the biasing effects of AO and MI. Overall, we hope that this
example has illustrated that the three AO+MI states, as pro-
posed here, can indeed be subjected to detailed experimental
investigation.

PERSPECTIVE MATTERS
As pointed out in Footnote 1, so far we have focused on third-
person AO and first-person MI. Whilst a full discussion of all
possible scenarios in the related 2 × 2 matrix would clearly exceed
the scope of the present paper, here we briefly consider possible
manipulations of visual perspective for AO only. In congruent
AO+MI, observers can not only be presented with views of
another person (third-person AO), but also with first-person dis-
plays that show the observer’s limb(s) from a similar viewpoint
as during execution. As described in section “A case for motor
imagery during action observation,” Macuga and Frey (2012)
had manipulated viewpoint during AO+MI but these authors
only obtained negligible differences—possibly due to the rhyth-
mical task used. Interestingly, the recent clinical trial by Cowles
et al. (2013) on AO treatment for stroke patients used a setup
which approximated first-person AO, where the patients observed
a model actor who was sitting next to them. Observation of a
video in first-person perspective, indeed combined with MI, was
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also used as one of the treatment conditions in Ietswaart et al.’s
(2011) study. Certainly, differences in visual perspective should
not be ignored when trying to account for different outcomes
of clinical trials, if only since viewpoint effects have certainly
been found in behavioral studies (e.g., Vogt et al., 2003). A pos-
sible advantage of third-person visual displays during AO+MI
is that the observer can keep the two representations related to
AO and MI more easily distinct than two first-person represen-
tations. On the other hand, the latter might be more likely to
induce a sense of ownership of the observed body parts, as shown
in studies on the rubber hand illusion (Haggard and Tsakiris,
2005) and on mirror-box therapy (Altschuler et al., 1999; Kang
et al., 2011). Surely more experimental studies and related clinical
trials are needed before firm recommendations for presentation
in first- or third person perspective, or perhaps for both, can be
made.

For coordinative AO+MI, it appears unnatural to present
the observed action in first-person perspective, since this would
not match the typical scenario of joint action (see example in
the Introduction). We would thus see first-person visual pre-
sentations in coordinative AO+MI to be of greater interest for
experimental studies than for clinical or training applications.
The same is possibly true for first-person presentations in con-
flicting AO+MI. For example, would the interference effects
between the first-person MI and the conflicting visual displays as
predicted in section “Conflicting AO+MI” be stronger for first-
or third-person presentation of the distractor movies?

CONCLUDING REMARKS
The present paper marks the return of one of us (Stefan Vogt)
to issues of MI after almost two decades abstaining from the
topic, which has developed so healthily in the meantime. It is
true that the field of AO per se, which has grown with at least the
same rate over this period, offers ample opportunities to study
perception-action relationships, and that MI is not a manda-
tory step to mediate perception and action (Vogt, 1995, 1996).
Furthermore, it is likely to be more attractive for an experimental-
ist to manipulate visual displays instead of imagery instructions,
which are always open to subjective interpretation (Holmes and
Calmels, 2008). However, so are visual displays! We hope to have
reminded researchers in the fields of AO and MI that the two
processes do not only share, at least in part, the same neural
substrate (although a meta-analysis of the now available evi-
dence from both areas of research is currently lacking), but more
importantly, that they are easily carried out simultaneously, most
likely not only in the laboratory but also in everyday life. As
we have described in section “Multiple roles of motor imagery
during action observation,” spontaneously performed AO+MI
is an important and largely ignored confound in many related
behavioral and neuroimaging studies. The act of “putting your-
self into another person’s shoes,” or “action understanding from
within” (Rizzolatti and Sinigaglia, 2010) might often involve pro-
cesses of MI, albeit not necessarily in the sense of a deliberate
conscious effort. With this we do not wish to question the pos-
sible contribution of motor processes to action understanding
and action prediction in general. Rather, we wish to distinguish
the latter from a more specific AO+MI state where the observer

“switches on” his or her own body schema and actively seeks
to align this with the observed action,—a process that is diffi-
cult to capture without reference to the concept of MI. We have
described three subtypes of concurrent AO+MI, namely con-
gruent, coordinative, and conflicting AO+MI, where particularly
the first two bear the potential for a wide range of applications
in sports, occupational training as well as neurorehabilitation.
AO and MI are most likely highly intertwined processes, and
their joint consideration is fruitful in theoretical and applied
contexts alike.
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The most efficient way to acquire motor skills may be through physical practice. Neverthe-
less, it has also been shown that action observation may improve motor performance.The
aim of the present pilot study was to examine a potential action observation paradigm used
to (1) capture the superior performance of expert athletes and (2) capture the underlying
neural mechanisms of successful action observation in relation to task experience.We used
functional magnetic resonance imaging to measure regional blood flow while presenting
videos of a hockey player shooting a puck toward a hockey goal. The videos (a total of 120)
where stopped at different time frames with different amount of information provided,
creating a paradigm with three different levels of difficulty to decide the fate of a shot.
Since this was only a pilot study, we first tested the paradigm behaviorally on six elite expert
hockey players, five intermediate players, and six non-hockey playing controls. The results
showed that expert hockey players were significantly (p < 0.05) more accurate on deciding
the fate of the action compared to the others. Thus, it appears as if the paradigm can
capture superior performance of expert athletes (aim 1). We then tested three of the hockey
players and three of the controls on the same paradigm in the MRI scanner to investigate
the underlying neural mechanisms of successful action anticipation. The imaging results
showed that when expert hockey players observed and correctly anticipated situations,
they recruited motor and temporal regions of the brain. Novices, on the other hand, relied
on visual regions during observation and prefrontal regions during action decision. Thus,
the results from the imaging data suggest that different networks of the brain are recruited
depending on task experience (aim 2). In conclusion, depending on the level of motor
skill of the observer, when correctly anticipating actions different neural systems will be
recruited.

Keywords: motor representations, action observation, fMRI, expert performance, cognitive neuroscience

INTRODUCTION
The most efficient way to acquire motor skills may be through
extensive motor training. Motor performance via motor skill
training relies on the creation of internal motor representations,
which enable us to repeat and, thereby, strengthen learned motor
skills and improve performance (Dushanova and Donoghue,
2010). The motor representation comprises the entire movement,
including the plan for the movement as well as the intended result
(Kandel et al., 2000). Moreover, the motor representation is sug-
gested to precede the execution, and could, therefore, be detached
from the actual execution and exist on its own (Jeannerod, 2006).
Interestingly, during action observation it has been suggested that
the same neurons as are used during action performance are acti-
vated, which is referred to as the mirror neuron system (Rizolatti
and Craighero, 2004). Further, it has also been shown that action
observation may be used to enhance motor performance (Mattar
and Gribble, 2005). Thus, if observing a movement also recruits
the motor representation, then the representation itself may be
strengthened, which may lead to performance improvements. In
a related field to action observation, motor imagery, accessing the
motor representation is also central. In this research field, studies

have shown that task specific physical experience is needed in order
to recruit motor regions of the brain during motor imagery, with-
out such experience visual and pre-frontal regions of the brain
will be recruited (see Olsson et al., 2008; Olsson and Nyberg, 2010,
2011). Similar suggestions have been reached within the obser-
vation literature. For example Calvo-Merino et al. (2005) showed
that professional dancers could only recruit the mirror neuron
regions of the brain when watching dance moves within their own
motor repertoire. When observing dance like moves, other regions
were recruited. Moreover, Aglioti et al. (2008) showed that expert
basketball players used body cues to predict the fate of a basketball
shot before the ball left the hand, which was also associated with a
greater neural response in motor regions. Basketball coaches that
no longer performed on expert level had to rely of the trajectory
of the ball with less motor activity. In studies of action anticipa-
tion temporal occlusion paradigms have successfully been used to
study points at which experts pick up the most information. For
example, studies of anticipatory skills in badminton showed how
experts are superior compared to novices in anticipating the land-
ing position of strokes, which required fine tuned mechanisms in
order to pick up information from the player’s body kinematics
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early in the decision process (Abernethy and Zawi, 2007). More-
over, performance on temporal occlusion tasks are associated with
expertise in the relevant sport, an advantage that is unchanged even
if the stimulus material are changed from video clips to point-light
information (Abernethy and Zawi, 2007). Further, the differences
between experts and novices are even larger for the early occluded
clips (e.g., Jackson et al., 2006). Thus, it is now widely recognized
that experts pick up relevant information earlier than novices (see
e.g., Abernethy et al., 2008). However, the neural underpinnings of
such behavior are not completely understood. Wright et al. (2011)
focused on differences between expert and novice badminton play-
ers. Their results showed that there appears to be overlapping
regions between experts and novices while observing badminton
videos, but it was also supported that novices tend to rely more on
visual regions, and experts more on motor regions of the brain.
Moreover, Bishop et al. (2013) suggested that high-skill anticipa-
tors showed a greater activation of mirror neuron related regions
of the brain. Increased brain activity by experts was also sup-
ported by Wright et al. (2010), and Milton et al. (2007) proposed
that the extensive practice over long time leading to expert per-
formance is reflected by a focused and efficient organization of
the neural networks related to a particular task. Thus, physical
experience and motor representations appears to be important
in order for action observation to be similar to action execution.
However, there are still limited knowledge regarding the associa-
tion between successful action anticipation, expertise, and neural
response.

One reason why this is still uncertain may be that most of the
studies have used passive control conditions. Hence, less atten-
tion has been given to examining what constitutes a successful
anticipation, and, if such behavior relies on different neural sys-
tems between experts and novices. This is a novel step to analyze
action observation by also include the performance of the observer
into the analysis. This is important if we want to understand the
possibilities of using action observation in practice and in order
to provide guidelines in e.g., a clinical setting in which action
observation is frequently used (Celnik et al., 2008).

The aim of this pilot study was therefore to examine if an
action observation paradigm comparing expert athletes to novices
could (1) capture the superior performance of expert athletes and
(2) capture the underlying neural mechanisms of successful action
observation in relation to skill level. We hypothesized that only
the expert athletes could recruit motor regions of the brain and
thereby access the motor representations when successfully antic-
ipating actions. Moreover, we hypothesized that novices would
recruit visual regions to a greater extent and use cognitive resources
of the brain when successfully anticipating actions, which should
be reflected by increased activity in pre-frontal cortex.

MATERIALS AND METHODS
PARTICIPANTS
For the behavioral part of this pilot, 17 male subjects partici-
pated voluntarily. Six of these participants were professional ice
hockey players from the Swedish second division (experts, mean
age 23.6 ± 4.1 years with 5.33 ± 4.5 years playing on professional
level). Five of the participants were from the Swedish fifth division
(amateurs, mean age 24.9 ± 2.6 years with 4.25 ± 3.6 years playing

on amateur level). Finally, six of the participants had never played
ice hockey regularly (novices, mean age 23.4 ± 1.8 years). The
novices were students at the university with no hockey or team
sport experience; neither did they attend games or sporting events
regularly. Three participants from the expert group and three par-
ticipants from the novice group also participated in the functional
magnetic resonance imaging (fMRI) part of this pilot. No ama-
teurs participated in the fMRI. All subjects participated voluntarily,
reported right-handedness and were neurologically healthy. They
all gave their informed consent and this study followed the ethical
standards of the declaration of Helsinki.

STIMULUS MATERIAL
We decided to use ice hockey as the sport for our stimulus mate-
rial because it allows one to capture different situations that are
likely to appear as real game situations. Also, an extension of the
present paradigm would be to look at more complex game situ-
ations with several players involved which would make hockey a
good candidate in order to create more complex situations based
on this initial pilot study. Moreover, there are several local teams
available at different skill levels (from professional players to ama-
teurs) making it ideal for us to be able to study skill differences.
For the creation of stimulus material one ice hockey player from
a Swedish ice hockey high school was used as a shooter and was
given instructions how to perform the different shots. The video
clips were recorded with a JVC Everio GZ-MG330HAG hard disk
camcorder. The video camera was placed behind the goal. The
position was chosen in order to be able to see the whole goal, as
well as the shooter from the front, to facilitate the prediction of
the puck direction. By using such a paradigm we will likely cre-
ate a situation in which we will be able to compare functional
brain response between experts and novices that will reflect dif-
ferences based on their motor expertise. Since action perception
and action execution has been suggested to recruit similar neural
regions and also share a common representational domain (Prinz,
1997) we should thereby be able to study motor skill and motor
representations.

The same stimulus material was used, and presented in a sim-
ilar manner, both outside the scanner and during brain imaging.
In total, 40 different video clips (10 clips for each location of the
goal) of the shooting ice hockey player were used. Adobe Premier
Pro CS4 was used to cut all clips into three different time occlu-
sions to reflect the different levels of difficulty. First, all clips were
cut when the puck left the stick (easy occlusion). Then, the same
video was also cut 300 ms (medium occlusion) and 600 ms (diffi-
cult occlusion) before the puck left the stick. Each video clip was
about 2 s long depending on which occlusion time that was used.
Each video clip was shown three times with different occlusions
each time, thus, the total amount of video clips was 120. Original
resolution was 720 × 480 pixels (standard PAL video, 4:3 inter-
laced), but it was cropped to 416 × 480 pixels in order to remove
unwanted information in the picture. E-Prime 2.0 was used to
randomize the clips and to collect response data.

PROCEDURE
Before the start of the experiment the participants were given five
trials of video clips that were not used in the actual test. The
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instruction for both the trials and the experiment was to watch
each video clip as if they were the player. After each video clip
the participants were asked where in the goal the puck would go,
they responded by pressing a button. They had four alternatives;
they pressed one if they thought that the puck would go to the
furthest left, and four if they thought that the puck would go to
the furthest right. They could use as much time as they needed to
make their response. Then the participants were asked to respond
to how confident they were of their answer. Again, they had four
alternatives, pressing one if they guessed and four if they were
100% sure of their answer (see Figure 1). The same procedure was
done in the behavioral part of this pilot as well as during fMRI
scanning. During scanning the participants were placed in the
scanner and watched a video screen via a tilted mirror on the head
coil. They had a response pad under their right hand, attached
with Velcro. The participants had earplugs and a headphone to
reduce the noise from the scanner and cushions were placed in the
coil to minimize head movements. They were also informed not
to move any body parts during scanning.

BRAIN IMAGING PARAMETERS
The fMRI session was conducted on a GE3.0 T system (USA)
collecting Blood oxygen level dependent T2* weighted images.
The following imaging parameters were used: repetition time
2000 ms; 37 slices with a thickness of 3.4 mm, echo time 30.0 ms,
flip angel 80◦; field of view 25 cm × 25 cm, matrix 96 × 96.
Before statistical analysis pre-processing steps were carried out
using SPM5 (Wellcome Department of Cognitive Neurology,
London, UK) including: slice timing correction, realignment,
unwarping, normalization to an EPI template in the Montreal
Neurological Institute space, and finally spatial smoothing (8 mm
Gaussian filter). In-house developed software (DataZ) was used
for visualization of the results.

STATISTICAL ANALYSIS
To capture performance the mean value of number of correct
answers at each difficulty level (easy, medium and difficult occlu-
sion time) was counted. Subjects’ confidence on their answers was
calculated as mean value on each difficult level. A 3 × 3 (3 skill
levels × 3 difficulty levels) ANOVA was used to analyze behavioral
data between groups. Least significant difference was used as a
Post-Hoc test. Level of significance was set to p < 0.05.

Imaging data was analyzed in respect to observation as well
as during decision-making, therefore these two conditions were
defined as separate regressors. The observation regressor was based
on the entire length of each video clip, whereas the decision regres-
sor was the length up until the participants gave a response. Our
main aim was to investigate prediction of the action outcome in
relation to successful performance. Since previous studies have not
contrasted successful trials vs. unsuccessful trials in their analyzes,
we are still uncertain what constitutes successful action anticipa-
tion. Relying on passive control conditions, as has been done in
prior studies, is a liberal approach in fMRI studies. In the present
study the more conservative analytic approach motivates the use of
a pilot study before testing the hypotheses in a large-scale attempt.
Therefore, single subject contrasts were set up using the general
linear model and statistical parametric maps were generated using
t-statistics. The main contrast used was comparison of functional
brain response during correct vs. incorrect (correct > incorrect)
response. This was done for both the observation as well as the
decision-making. We then performed a random-effect analysis for
each group separately. We used a significant level of p < 0.005
uncorrected in the analysis. The voxel-wise threshold was moti-
vated since this study should be considered as a pilot requiring
more of a descriptive approach. However, in order to minimize
Type I errors, a cluster threshold of minimum five voxels was also
applied.

FIGURE 1 | Experimental setup. The video clips lasted for about 2 s depending on which occlusion (easy, medium, difficult) that was observed. There was no
time limit for the response. The participants viewed a total of 120 video clips.
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FIGURE 2 | (A) Individual plots of the local maxima revealed from the clusters
by the novices (seeTable 1) during observation of the early occluded clips.
(B) Individual plots of the local maxima revealed from the clusters by the

experts (seeTable 3) during observation of the early occluded clips. The
individual plots confirm that experts and novices are using separate neural
networks during successful anticipation of actions.

RESULTS
BEHAVIORAL DATA
Between group analysis revealed significant difference in perfor-
mance on easy level (F2,14) = 3.739, p < 0.05 and difficult level
(F2,14) = 4.653, p < 0.05, effect sizes were small to moderate,
η2 = 0.025 and 0.045 respectively. There was a tendency to sig-
nificant difference in performance on medium level, p = 0.061.
Post Hoc test showed significant differences between experts and
novices on both easy and difficult level p < 0.05 and also between
amateurs and novices on difficult level p < 0.05. Both groups were
equally confident in their responses.

fMRI DATA
Distinct differences in recruited brain regions were revealed
between experts and novices both during action observation but
also during action decision. The activation pattern for novices
during observation (see Table 1 for exact location in MNI-space,
T-values, and cluster extent) was mainly associated with regions of
the visual cortex, especially at the difficult occlusion. During action
decision (Figure 3), regions of the pre-frontal cortex, such as mid-
dle, superior and inferior frontal cortex was mainly recruited (see
Table 2 for exact location in MNI-space, T-values, and cluster
extent).

For experts, the activation pattern during action observation
involved mainly regions in the superior and middle temporal gyri,
but also the pre-motor cortex. Interestingly, these regions were
again recruited during action decision (see Tables 3 and 4 for
exact location in MNI-space, T-values, and cluster extent). Thus,

novices recruited more visual and frontal regions and experts more
motor and temporal regions during successful action anticipation.

Based on the local maxima revealed from the early, difficult,
occluded video clips individual data were plotted (Figure 2) in

Table 1 | Brain regions and local maxima of clusters, recruited by
novices during action observation of successful trials compared to
unsuccessful trials.

Difficulty

level

Brain region k X Y Z T

Easy Temporal pole (BA 38) 5 −52 10 −14 2.8

Middle temporal gyrus (BA 20) 9 44 8 −34 2.8

Medium Cerebellum 87 −10 −48 4 10.5

Fusiform gyrus (BA 37) 87 −28 −38 −20 7.5

Calcarine (BA 17) 6 −14 −58 10 4.7

Hard Superior occipital gyrus (BA 19) 46 −18 −82 42 11.9

Superior occipital gyrus (BA 19) 7 26 −86 36 9.0

Superior occipital gyrus (BA 19) 7 20 −92 30 6.4

Precentral gyrus (BA 6) 34 −20 −16 64 6.3

Middle temporal gyrus (BA 21) 16 −60 −48 −4 5.2

Cuneus (BA 18) 8 22 −68 20 5.0

In the analyses a voxel-wise threshold of 0.005 uncorrected was used in
combination with a cluster threshold of minimum five voxels.
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FIGURE 3 | Brain regions recruited for novices and experts during action
decision of successful trials compared to unsuccessful trials. Novices rely
on pre-frontal regions whereas experts rely on motor/pre-motor regions of

the brain. The functional brain response is overlaid on a rendered standardized
brain (MNI-space) with a threshold of 0.005 uncorrected only showing
clusters with a minimum of five voxels.

Table 2 | Brain regions and local maxima of clusters, recruited by
novices during action decision of successful trials compared to
unsuccessful trials.

Brain region k X Y Z T

Middle frontal cortex (BA 8) 251 32 18 56 55.2

Inferior temporal sulcus (BA 48) 128 −38 22 16 42.3

Caudate 79 −6 12 6 26.0

Lingual gyrus (BA 19) 14 −22 −68 0 21.5

Inferior temporal sulcus (BA 48) 42 30 30 26 18.0

Insula (BA 47) 48 −30 22 −2 18.0

Superior medial frontal cortex (BA 10) 53 4 34 52 15.5

Inferior frontal gyrus (BA 45) 49 46 32 16 14.4

Caudate 18 8 16 6 14.1

Middle frontal cortex 38 32 28 38 13.6

Rolandic operculum (BA 6) 13 −46 4 16 11.8

In the analyses a voxel-wise threshold of 0.005 uncorrected was used in
combination with a cluster threshold of minimum five voxels.

order to examine individual variability. There were six peaks from
the novices and five peaks from the experts plotted (see Tables 1
and 3). The individual plots reveal that even though there are
some overlap between experts and novices, the overall results
show that distinct neural networks are used depending on level of
expertise.

DISCUSSION
In the present pilot study we investigated the association between
successful action anticipation, expertise, and underlying neural
mechanisms. The results are promising and indicate that the
present paradigm is suitable to use when studying how motor
experience affects our ability to understand relevant information
and make a correct anticipation during action observation. How-
ever, since the presented data is only from a pilot study great
caution should be undertaken when interpreting the results, and
before generalizing the results, a large-scale attempt should con-
firm the findings. The present study followed the logic and stages
suggested by Williams and Ericsson (2005) as an approach to study

Table 3 | Brain regions and local maxima of clusters, recruited by
experts during action observation of successful trials compared to
unsuccessful trials.

Difficulty
level

Brain region k X Y Z T

Easy Precentral gyrus (BA 6) 30 36 −26 68 9.8

Middle frontal gyrus (BA 8) 5 −28 36 44 5.8

Supplementary motor area (BA 6) 13 10 2 76 4.2

Medium Cerebellum 30 14 −50 −40 8.5

Cerebellum 50 38 −56 −38 8.2

Superior temporal gyrus (BA 42) 50 60 −38 18 7.4

Precentral gyrus (BA 6) 7 62 4 30 7.0

Middle temporal gyrus (BA 21) 14 −50 −44 6 5.5

Hard Middle temporal gyrus (BA 21) 55 −52 4 −32 9.3

Superior frontal cortex (BA 10) 8 −10 58 8 7.6

Temporal pole (BA 38) 55 −48 14 −28 6.2

Middle temporal gyrus (BA 21) 23 −48 −40 4 5.4

Middle temporal gyrus (BA 21) 10 −44 −6 −14 5.0

In the analyzes a voxel-wise threshold of 0.005 uncorrected was used in
combination with a cluster threshold of minimum five voxels.

perceptual-cognitive relations in respect to action observation.
The first stage was to capture the expert performance. The
behavioral data showed that the paradigm was able to sepa-
rate performance between different groups of individuals with
different amount of hockey skill. This is important because it
strengthens the validity of the paradigm. Thus, the results fur-
ther underpin prior evidence regarding how experts outperform
novices in action anticipation (Abernethy and Zawi, 2007; Aglioti
et al., 2008). We only found a tendency of significant performance
differences between experts and amateurs in the behavioral part
of this pilot. This is also similar to what others have reported
(Wright et al., 2011), which is likely an indication about how
difficult it is to create a paradigm that is complex enough to
separate the behavior between high skill level and intermediate
skill level, but at the same time not too difficult for novices. It
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Table 4 | Brain regions and local maxima of clusters, recruited by
experts during action decision of successful trials compared to
unsuccessful trials.

Brain region k X Y Z T

Middle temporal gyrus (BA 21) 17 −56 −28 −2 11.0

Post central gyrus (BA 4) 8 20 −34 78 10.7

Pre-motor cortex (BA 6) 10 −6 12 72 10.1

Superior temporal gurys (BA 41) 15 50 −34 14 8.0

Inferior temporal gyrus (BA 37) 14 −56 −64 −10 7.0

Superior temporal gyrus (BA 21) 16 64 −28 8 5.8

Middle temporal gyrus (BA 21) 13 −52 6 −30 5.7

In the analyses a voxel-wise threshold of 0.005 uncorrected was used in
combination with a cluster threshold of minimum five voxels.

would have been interesting to also have fMRI data on the ama-
teurs since that would give us an indication regarding how much
experience that is necessary to recruit similar brain regions as
experts. A recent study suggested that intermediate skilled level
badminton players recruit brain regions more similar to novice
players than expert players during anticipation tasks, although
the anticipation performance of the intermediate skilled play-
ers was better than the novices (Bishop et al., 2013). The second
stage, according to Williams and Ericsson (2005), is to identify the
underlying mechanisms. In the present study, we focused on the
underlying neural mechanisms. The results showed that even the
functional brain response during action observation and action
decision differ between experts and novices when comparing suc-
cessful trials with unsuccessful trials. Williams and Ericsson also
emphasized on a third stage, to examine how expertise is devel-
oped. That stage was not covered in the present study. It has been
suggested that most research has focused on capturing expert
performance (Williams and Ericsson, 2005), thus the present
study has the potential to also deepen our understanding regard-
ing mechanisms associated to experts’ superiority during action
observation.

The main aim for the fMRI data was to compare correct versus
incorrect trials. Thus, this was an attempt to clarify the functional
brain regions required for a successful anticipation of actions, and
whether such regions differ between novices and experts. Potential
differences in underlying neural mechanisms will give us informa-
tion about if a successful anticipation is handled similar depending
on level of motor skill, or if motor experience alters the functional
response of the brain. This is a different, and more conserva-
tive, approach compared to most previous studies. Interestingly, a
similar approach was done recently when Abreu et al. (2012) inves-
tigated accuracy in anticipation. They did not, however, make
a comparison of successful vs. unsuccessful trials as the present
paper, yet, their results confirmed that novices appears to use
more pre-frontally oriented brain regions, compared to experts
that have increased activity in insular cortex.

Our results indicate that experts, when successfully anticipated
action outcome, primarily relied on motor regions in combina-
tion with regions of the temporal lobe. Novices instead relied
on the visual system during action observation, which is similar

to what has been noted during low-level of visual processing
(Takahashi et al., 2008). Hence, it appears as if the novices had
to search for valuable information in the video clips. Then, dur-
ing action decision, novices relied on pre-frontal cortex to decide
the fate of the action. Pre-frontal cortex is often associated with
cognitive demanding tasks such as memory and executive func-
tions (Cabeza and Nyberg, 2000). Thus, it appears as if they
needed to use cognitive resources to solve the problem regard-
ing the fate of the action. Experts on the other hand recruited
motor regions, which is interpreted as if the experts were able to
recruit regions where complex motor representations are stored
(Meister et al., 2005), these regions are also well known mirror
neuron regions (Rizolatti and Craighero, 2004). By recruiting
these regions the experts gathered information from the motor
representations, which comprised the result of the action (see
Kandel et al., 2000), and thereby could decide the fate of the
action. Interestingly, previous results have shown that experts
use fewer eye fixations compared with novices when observing
actions (Mann et al., 2007), experts are able to extract more
meaningful information in shorter time (Williams et al., 1999),
and experts have developed specific perceptual-cognitive mech-
anism to better and more effectively read advanced body cues
(Williams et al., 2002). Thus, we suggest that a possible explana-
tion for such behavior may be because experts do not have to
rely on a visual search strategy, instead they can directly extract
the information from the motor representations and analyze the
interaction much faster using parts of the temporal lobe. Activ-
ity in the temporal lobe has previously been suggested to reflect
analysis of complex human body movements (e.g., dancing) based
on kinematic cues in which valuable information is extracted in
order to interact with others (Allison et al., 2000). Cross et al.
(2006) interpreted activity in the temporal regions as reflecting
increased visual scene processing demands. Our study does not
offer full support for such conclusion since we contrasted cor-
rect and incorrect answers in the analysis. Thus, activation in
temporal regions during action observation is not interpreted to
reflect visual processing demands since such demand was equal
in the two conditions. Cerebellum was also recruited proba-
bly reflecting its involvement in movement production and, it
has even been proposed that Cerebellum may be interconnected
with the mirror neuron system (Sokolov et al., 2010). Taken
together, the present pilot study suggests that level of motor
skill affects the functional brain response during successful action
anticipation.

In the present paper, based on the contrasts performed, we
did not find any parietal activation. Parietal activity has been
frequently associated with action observation in general (e.g.,
Buccino et al., 2001), as well as associated with expert athletic
performance (see also Yarrow et al., 2009). In a study specifically
targeting the role of parietal cortex in prediction of incoming
motor actions, Fontana et al. (2012) measured EEG activity in
patients with lesions in the parietal lobe while watching a video
of a person grasping an object. Results showed how individuals
with intact parietal lobe (healthy controls) experienced a readi-
ness potential within the parietal lobe preceding the observation
of the upcoming action. No such potential was present in the
parietal patient group. Moreover, parietal activation has also been
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shown by experts more so than novices in studies of motor plan-
ning, possibly reflecting their ability for global rather than selective
attention, suggesting that experts are more focused and have a
more efficient organization (Milton et al., 2007). Thus, the parietal
lobe is most likely involved in the prediction of incoming motor
actions, which the present study do not argue against. However,
based on this data we do not offer support that the parietal cor-
tex is involved when separating between correctly or incorrectly
anticipated actions.

One critical point of novelty in the present study is the use
of unsuccessful trials as baseline. By doing so we isolated the
functional brain response associated with successful anticipation,
which in turn is associated with skill. Thus, the differences in
brain regions between the groups of novices and experts are
based on their hockey skills and not their ability to make cor-
rect anticipations. This highlights that even though there are
similarities between experts and novices during action anticipa-
tion (see e.g., Abreu et al., 2012), when investigating successful
anticipation, experts and novices tend to rely on partly differ-
ent neuronal networks, with experts relying more on motor
representations and medial temporal lobe, and novices more
on visual and pre-frontal regions. Interestingly it has been sug-
gested that anticipatory information pick-up is related to highly
domain-specific memory structures (Yarrow et al., 2009) imply-
ing that motor representation created by physical training (in
the present paper hockey training) in combination with medial
temporal lobe, which is a structure highly involved in mem-
ory, is a plausible explanation to our findings. The novices do
not have the memories (motor representations) for the actions,
and thus must rely on different strategies to successfully per-
form the task, which was reflected by the use of altered neural
systems.

Obviously, because of the limited sample of participants, one
must interpret the results from this pilot with great caution, and
the results should be confirmed with more participants before
generalizing. However, it highlights some interesting findings for
future studies of this topic. We must, however, perform this study
in large scale with more participants to fully appreciate the pro-
posed relationships. Further, in the present study, even though we
used a complex task, it was only with one player. Adding players
to create a more complex scenario would be interesting and prob-
ably more demanding on the system. However, it is likely that key
brain regions for such task will be revealed within similar regions
as in the present study. In conclusion, data from the present study
support that depending on the level of motor skill of the observer
(i.e., task specific physical experience), when correctly anticipating
actions different neural systems will be recruited.
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Introduction: Motor imagery (MI) is the mental rehearsal of a motor first person
action-representation. There is interest in using MI to access the motor network after
stroke. Conventional fMRI modeling has shown that MI and executed movement (EM)
activate similar cortical areas but it remains unknown whether they share cortical
networks. Proving this is central to using MI to access the motor network and as a
form of motor training. Here we use multivariate analysis (tensor independent component
analysis-TICA) to map the array of neural networks involved during MI and EM.

Methods: Fifteen right-handed healthy volunteers (mean-age 28.4 years) were recruited
and screened for their ability to carry out MI (Chaotic MI Assessment). fMRI consisted
of an auditory-paced (1 Hz) right hand finger-thumb opposition sequence (2,3,4,5; 2. . .)
with two separate runs acquired (MI & rest and EM & rest: block design). No distinction
was made between MI and EM until the final stage of processing. This allowed TICA to
identify independent-components (IC) that are common or distinct to both tasks with no
prior assumptions.

Results: TICA defined 52 ICs. Non-significant ICs and those representing artifact were
excluded. Components in which the subject scores were significantly different to zero (for
either EM or MI) were included. Seven IC remained. There were IC’s shared between EM
and MI involving the contralateral BA4, PMd, parietal areas and SMA. IC’s exclusive to
EM involved the contralateral BA4, S1 and ipsilateral cerebellum whereas the IC related
exclusively to MI involved ipsilateral BA4 and PMd.

Conclusion: In addition to networks specific to each task indicating a degree of
independence, we formally demonstrate here for the first time that MI and EM share
cortical networks. This significantly strengthens the rationale for using MI to access the
motor networks, but the results also highlight important differences.

Keywords: motor imagery, functional imaging, fMRI, mental imagery, brain mapping

INTRODUCTION
Athletes have used motor imagery (MI) for decades but recently
there has been considerable interest in applying it to the patient
population (Braun et al., 2006; Sharma et al., 2006). The general
premise is that MI can be used as a surrogate for movement when
a disease limits performance, for instance using MI training after
stroke (Braun et al., 2006; Sharma et al., 2006; Ietswaart et al.,
2011) or Parkinson’s Disease (Heremans et al., 2012). The cen-
tral assumption underlying this aproach is that MI and executed
movement (EM) share neural substrates. Demonstrating that
imagery and EM share neural substrates, rather than activate sim-
ilar areas, would significantly enhance the rational for using MI
training.

There are numerous behavioral studies that suggest MI and
EM involve similar cognitive processes. For example the time
taken to imagine a movement is similar to the time taken exe-
cute it (Decety et al., 1989). MI is confined by the same principles
of motor control that govern EM. The reduction in accuracy
with increasing speed (i.e., Fitt‘s Law) is maintained (Decety and

Jeannerod, 1995) as is the asymmetry between dominant and
non-dominant hand (Maruff et al., 1999). MI produces similar
autonomic changes as EM, with significant increase in heart and
respiratory rates (Jeannerod and Frak, 1999; Roure et al., 1999;
Kazuo Oishi, 2000).

Given the strength of the behavioral studies it is perhaps not
surprising that imaging studies regardless of the modality report
that MI activates similar cortical regions to EM (Boecker et al.,
2002; Lacourse et al., 2005; Hanakawa et al., 2008; Guillot et al.,
2009). The cortical areas involved include the contralateral pre-
motor areas, the primary motor cortex with some caveats, see
(Sharma et al., 2008) as well as the cerebellum. These studies
typically employed a massed univariate approach and have been
useful in identifying significant differences between imagery and
EM. For instance the contralateral primary motor cortex activa-
tion is both greater (Gerardin et al., 2000; Sharma et al., 2008)
and topographically different (Sharma et al., 2008) during EM
as compared to MI. The mass-univariate approach is less useful
in concluding what neural substrates are common to each task.
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Generally this is inferred from involvement of similar cortical
structures and a “lack of significant” difference when comparing
tasks.

In this study we adopt a model-free approach using tensor
independent component analysis to examine the cortical net-
works that are common to both MI and EM. Unlike the conven-
tional mass univariate approach TICA is a powerful data driven
approach capable of exploring similarities in cortical networks.
A key aspect of this study is that MI and EM are treated as the
same “blinded task” during the production of the independent-
components (IC). In other words we make no prior assumptions
as to the extent of overlap, if any, between the MI and EM. If
the cognitive process of imagery and EM involve similar area but
are actually distinct then the analysis will produce networks (i.e.,
IC) that relate to either MI or EM but not both. However, given
the extensive behavioral literatures we hypothesize that three cat-
egories of networks will be identified; first, those networks that
are present during EM only, which will involve the contralat-
eral primary motor cortex; second, networks that are common to
both MI and EM, involving premotor and posterior parietal areas;
and finally networks that involve MI only, involving the premotor
areas (Sharma et al., 2009a). Understanding which networks MI
shares with EM will allow a richer understanding of how MI can
be applied to the patient population with maximal effect.

METHODS
SUBJECTS
Fifteen healthy volunteers were recruited through local advertise-
ment with a mean age of 28.4 years (SD = 6.2; 7 Male). Subjects
overlapped with those reported in (Sharma et al., 2008) where we
reported the differential involvement of BA4a and BA4p in MI
and EM. They had no past medical history of any neurological,
psychiatric or musculo-skeletal disorders and were not taking reg-
ular medication. All subjects were righted handed as assessed by
the Edinburgh scale (Oldfeld, 1971)and gave written consent in
accordance to the declaration of Helsinki and the protocol was
approved by the Cambridge Regional Ethics Committee.

All subjects were assessed using the Chaotic Motor Imagery
Assessment and were excluded if unable to perform IM ade-
quately. The Chaotic Motor Imagery assessment is described
briefly below, for a more detailed description see (Sharma et al.,
2006, 2008, 2009a). During all tasks requiring explicit MI, sub-
jects were given specific instructions to perform first person
kinesthetic MI; not to view the scene from the 3rd person; and
not to count or assign numbers or tones to each finger.

CHAOTIC MOTOR IMAGERY ASSESSMENT
Chaotic Motor Imagery is defined as an inability to perform MI
accurately or, if having preserved accuracy, the demonstration
of temporal uncoupling (Sharma et al., 2006). Briefly the CMIA
consists of three components performed in the order they are
described here.

First, subjects are shown 96 A4-sized picture cards of hands (4
different views, 12 rotations, left and right) and asked to identify
whether the picture is of a left or right hand (Component 1). A
score below 75% correct indicates that the subject is unable to
perform accurate MI. Second, subjects are asked to perform MI
of a finger sequence task (2,3,4,5,2..; Paced using Auditory cues at

1Hz; fMRI simulation Component 2). The duration of the finger
tapping exercise varied and the subject had to confirm their
position at the end of each block. Third, subjects are required to
perform the same finger taping sequence initially using EM and
then using MI (Component 3). During both phases of this test
the external auditory pacing rate, which starts at 40 beats/min is
increased by 10 beats every 5 s. The break point is defined as the
time when the subject is unable to perform the task accurately.
Subjects are excluded if the break point is greater for MI than for
EM. During all tasks requiring MI, subjects were given specific
instructions to perform first person MI; not to view the scene
from the 3rd person; and not to count or assign numbers or tones
to each finger. Subjects were excluded if unable to perform MI
adequately.

FUNCTIONAL MRI
Motor (imagery) paradigm
The fMRI used an established block design (Sharma et al., 2008,
2009b) that consists of auditory-paced (1 Hz) right hand finger-
thumb opposition sequence (2,3,4,5, 2. . . ) with two separate runs
acquired (MI & rest and EM & rest). Subjects were instructed
to keep their eyes closed throughout the session. We used indi-
vidually calibrated bilateral fiber-optic gloves (Fifth Dimension
Technologies, SA) to monitor finger movements, excluded inap-
propriate movement and to confirm the performance of MI—
after each MI block subjects confirmed the finger they were
currently imagining was the correct “stop finger” for the length
of sequence (which varied). After scanning subjects were asked
to rate the vividness of MI performance on a seven point scale
(Alkadhi et al., 2005).

Data acquisition
A 3-Tesla Brucker MRI scanner was used to acquire both
T2-weighted and proton density anatomical images and T2∗-
weighted MRI transverse echo-planar images sensitive to the
BOLD signal for fMRI (64 × 64 × 23; FOV 20 × 20 × 115; 23
slices 4 mm, TR = 1.5 s, TE = 30 ms, Voxel Size 4 × 4 × 4).

Image analysis
Analysis was carried out using Tensorial Independent Component
Analysis (Beckmann and Smith, 2005) as implemented in
MELODIC (Multivariate Exploratory Linear Decomposition into
IC) Version 3.09, part of FSL (FMRIB’s Software Library, www.

fmrib.ox.ac.uk/fsl). The first 12 volumes were discarded to allow
for T1 equilibration effects. Given our hypothesis and the iden-
tical temporal design of the MI and EM task, no distinction was
made between tasks until the final stage of processing. As 14 sub-
jects (one subject was excluded see below) performed 2 tasks,
MI and EM, 28 “blinded” tasks were processed-we use the term
blinded as no distinction was made between either imagery or
EM during the generation of the IC.

The following data pre-processing steps were applied to the
28 blinded tasks: masking of non-brain voxels; voxel-wise de-
meaning of the data; normalization of the voxel-wise variance.
No subject moved more than 2 mm. Pre-processed data were
whitened and projected into a 52-dimensional subspace using
probabilistic Principal Component Analysis where the number
of dimensions was estimated using the Laplace approximation
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to the Bayesian evidence of the model order (Beckmann and
Smith, 2004). The whitened observations were decomposed into
sets of vectors which describe signal variation across the tempo-
ral domain (time-courses), the session/subject domain and across
the spatial domain (maps) by optimizing for non-Gaussian spa-
tial source distributions using a fixed-point iteration technique
(Hyvarinen, 1999). Estimated Component maps were divided
by the standard deviation of the residual noise and thresholded
by fitting a mixture model to the histogram of intensity val-
ues (Beckmann and Smith, 2004). The time course of each
Independent Component was then entered into a general linear
model of the convolved block design of Task vs. Rest.

Overall this produces a standard subject score for each IC that
incorporates the effect size for each of the 28 blinded task (14 sub-
jects, EM and MI) for the associated spatio-temporal process
shown in the spatial map and the time course. An IC was consid-
ered to be involved in MI or EM if a one-way t-test found it to be
significantly different to zero across subjects. If an IC was signif-
icantly involved in both tasks then a paired t-test was performed
on the subject score for each task, i.e., MI and EM.

RESULTS
BEHAVIORAL RESULTS
One subject was excluded because of a failure to perform MI satis-
factorily. The remaining 14 subjects performed adequately on all
aspects of the hand rotation task (Mean = 95.3%; SD = 4.1%),
fMRI simulation (Component 2) and Fitts law [mean break point
19% (SD = 14.2) less for MI than EM], as well as during the fMRI
session. No subject failed to either suppress movement or showed
evidence of non-compliance during the fMRI paradigm. Median
post-MRI MI scores was 6 (range 4–7).

fMRI DATA
Whole brain analysis
Fifty-two IC were defined by TICA. IC’s that identified artifact
recognized by previously published patterns and high frequency
were excluded by visual inspection (Beckmann and Smith, 2005).
Components that were driven by outliers or were not significant
(p < 0.01) across task were excluded. Components in which the
subject scores were significantly different to zero (for either EM
or MI) were included. Seven IC remained.

In keeping with our hypothesis there were IC’s that are shared
between EM and MI (subject scores significantly greater than zero
for both tasks) and components that are exclusive to EM (sub-
ject score greater than zero for EM only) and to MI (subject score
greater than zero for MI only). The whole brain activations and
deactivations, time course, variance explained and subject score
are shown in Figures 1–3. Table 1 summarizes the areas involved
in each component which were labeled using the Juelich Atlas
(Eickhoff et al., 2005). We have previously explored the differen-
tial involvement of BA4a and BA4p (subdivisions of the primary
motor cortex) in MI and EM (Sharma et al., 2008); given the
degree of smoothing required for TICA it was not appropriate
consider this areas separately in this study.

Independent-components shared by executed movement and motor
imagery
Five components (IC1, 2, 3, 8, 9 Figures 1, 2) were significantly
involved in both EM and MI (subject scores > 0 for both tasks).

These components explained 25.49% of the total explained vari-
ance. All of the components significantly correlated with the
active blocks of the task. In four of the components (IC1, 2, 3,
9), the subjects score was significantly greater during EM than
during MI.

IC1 involved activation of all areas of the right parietal lobe
(HIP1-3, SPL, IPC) and to a lesser degree the left parietal lobe
(hIP2, SPL) as well as the cerebellum (r7L) and BA44 and pre-
motor areas. IC2 showed activation that was largely limited to the
premotor areas bilaterally including PMd and SMA. IC3 showed
activation that was predominantly localized to the left hemisphere
including motor areas (BA4, cerebellum), premotor (PMd, SMA),
somatosensory cortex and left parietal areas hIP2-3 and IPC. The
activation patterns of IC8 were largely restricted to subcortical
structures notable the thalamus (all areas) and cerebellum with
limited involvement of the premotor areas.

IC9 is notable as it is equally involved in MI and EM. This
IC involves activation of the preSMA, SMA, BA44 and right IPC
(PFm).

IC1, IC2, and IC3 all contained areas of deactivation. This
generally involved bilateral dorsal BA4. IC1 contained additional
deactivation of the left caudate and SPL in IC3.

Independent-components involved during executed movement only
One component, IC19 was significantly involved during EM
only (2.06% of explained variance). Again this correlated with
the motor tasks rather than rest. This involved activation of
areas typically seen in movement; the contralateral motor cortex,
somatosensory cortex and hIP2&3. IC19 involved deactivation of
the left medial frontal gyrus.

Independent-components involved during motor imagery only
IC26 was significantly involved during MI only (1.55% of
explained variance). This correlated with MI rather than rest. The
activation was restricted to the right hemisphere and included the
right BA4, premotor and area 3b.

DISCUSSION
Here we use a data led method to report that MI and EM
share cortical networks. The majority of the networks involved
in the tasks appear to be shared (accounting 25.49% of the total
explained variance). One network was exclusive to EM (account-
ing for 2.06% of the explained variance) and another was exclu-
sive to MI (accounting for 1.55% of the explained variance). That
being said a number of the shared networks are significantly more
involved in EM than MI. This provides an important foundation
for the use of MI as an alternative means to access the motor
system in diseases that limit physical performance such as stroke
(Sharma et al., 2006).

We report that EM and MI indeed share the vast majority
of networks. A key area that appears to be shared is the con-
tralateral primary motor cortex. In previous studies using mass
univariate methods there has been varying reports of its involve-
ment (Gerardin et al., 2000; Hanakawa et al., 2003, 2008; Sharma
et al., 2008) for a meta-analysis see (Hetu et al., 2013). On a
subset of these subjects we have previously reported that MI
activates the posterior division rather than the anterior divi-
sion of the motor cortex (Sharma et al., 2008). In addition
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FIGURE 1 | The figures show the involvement of each IC across the
whole brain with a standard threshold of p > 0.6 (alternative
Hypothesis test) and the variance is accounts for out of the total
explained variance. The scales show the transformed z-score, orange is
activation, blue is deactivation. The normalized time course response is
shown for each task and the full model fit (Full model fit = blue,

executed movement = red, motor imagery = green). The mean subject
scores with standard error bars are shown for each task and differences
highlighted (executed movement = red, motor imagery = green). The
IC’s (1, 2, 3) that are shared between executed movement and motor
imagery. The time course and subject score for each task are shown.
∗IC1; p < 0.01, IC2; p < 0.05, IC3; p < 0.001.

to methodological issues with monitoring MI compliance (see
Sharma et al., 2006) we have previously suggested that this may
explain the lack of BA4 activation often seen in studies of imagery
(Hetu et al., 2013).

The motor cortex is a central node in motor learning
(Muellbacher et al., 2002) and recovery after stroke (Calautti et al.,
2001; Ward and Cohen, 2004; Cramer, 2008; Sharma and Cohen,
2010). Demonstrating that MI includes the contralateral primary
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FIGURE 2 | The figures show the involvement of each IC across
the whole brain with a standard threshold of p > 0.6 (alternative
Hypothesis test) and the variance is accounts for out of the total
explained variance. The scales show the transformed z-score, orange
is activation, blue is deactivation. The normalized time course

response is shown for each task and the full model fit (Full model fit
= blue, executed movement = red, motor imagery = green). The IC’s
(8, 9) that are shared between executed movement and motor
imagery. The time course and subject score for each task are shown.
∗IC8; p < 0.05.

motor cortex strengthens the rationale for using it as a form of
training after stroke. The motor cortex has been shown to have
a number of different functions (Sanes and Donoghue, 2000). In
this context it is likely to be involved in aspects of motor con-
trol that precede actual movement (as a result of discharge via the
CST). The deactivation of the dorsal aspect of BA4 in IC’s 1,2,
and 3, needs to be explored further. Consistent with studies using
conventional fMRI analysis (Gerardin et al., 2000; Sharma et al.,
2008) it should be noted that while IC’s involving the contralateral
motor cortex are shared between imagery and EM they are more
involved in the latter. This raises an important point. Typically MI
is used as an alternative means to access the motor system when
EM is difficult or not possible (Sharma et al., 2006). Given that we
report that the shared networks are activated less during imagery
than EM, our results imply that for MI to be as effective as EM
the duration of training may need to be greater. Indeed behavioral
studies suggest MI training is generally less effective than physical
training (Gentili et al., 2010).

The one cortical network that appears to be equally shared
between the two tasks involves the supplementary motor cortex
(SMA). The SMA been implicated in motor planning and

learning (Halsband and Lange, 2006). A previous study has sug-
gested that the role of SMA in MI is to suppress motor output
via the motor cortex (Kasess et al., 2008). Although our results
to not directly address this point, the observation that the net-
work is equally shared with EM would argue against this view.
Effective connectivity of fMRI data has shown that imagery and
EM have similar connections (Gao et al., 2011). Indeed studies
of the effective connectivity between cortical areas suggests that
imagery is capable of highlighting changes not apparent during
EM after stroke (Sharma et al., 2009a). There have been numer-
ous studies that use MI to control brain-computer interfaces that
typically involve recording from the motor cortex (Wolpaw et al.,
2002; Buch et al., 2008, 2012). Although speculative, our results
suggest that in principle SMA may be a suitable alternative or
additional site for brain computer interfaces (BCI) devices.

It is not surprising that there is a network that is exclusive to
EM. Of course the most striking difference between imagery and
execution is the discharge via the CST that produces movement
and sensory feedback. The cortical areas present in the EM exclu-
sive network involve activation of the contralateral primary motor
cortex and the somatosensory cortex. Although the result should
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FIGURE 3 | The figures show the involvement of each IC across the whole
brain with a standard threshold of p > 0.6 (alternative Hypothesis test)
and the variance is accounts for out of the total explained variance. The
scales show the transformed z-score, orange is activation, blue is deactivation.

The normalized time course response is shown for each task and the full model
fit (Full model fit = blue, executed movement = red, motor imagery = green). IC
19 that is related to executed movement only and IC26 that is related to motor
imagery only. The time course and subject score for each task are shown.

not be over interpreted it should be noted that this network is
largely restricted to the left hemisphere. Whether this finding
would be replicated in similar analysis involving stroke patients
would be of interest. It is conceivable that TICA could resolve the
debate of whether the bilateral activation often seen after stroke
(Calautti et al., 2001; Ward et al., 2003) is related to discharge
via the CST or processes that preceed movement. This could be
addressed in future studies using similar multivariate analysis.

We report a network that appears exclusive for MI. Typically
MI is thought to be a simple surrogate for EM and is often not
considered as useful in its own right. Our data further establishes
that this is not so. The cortical network involves the ipsilat-
eral motor cortex and BA3a (exclusive to this network) and the
ipsilateral PMd (common across networks see Table 1). It has pre-
viously been shown that PMd is important to motor recovery after
stroke (Calautti et al., 2001), particularly in subjects who are more
severely impaired (Johansen-Berg et al., 2002). The role of PMd
in these cases may be related to action selection and goal directed
movement. Whether MI will have greater beneficial effect in that
patient population, i.e., more severely affected remains unknown.

Here we have reported that imagery and EM share a num-
ber of key networks. While we have commented upon these

networks individually further work is required to understand the
interaction between them. It is reasonable to presume that the
IC related exclusively to EM occurs during discharge via the CST,
but to fully understand the relationship between these networks
and the underlying cognitive processes will require methods
with much greater temporal resolution for example magnetoen-
cephalography (MEG).

TICA appears to be a useful tool in testing hypothesis that
explore shared networks. It has its limitations, however. For
instance a central assumption in this work is that the two motor
tasks have the same temporal profile. It is entirely possible that
cortical networks that have different temporal profiles have been
overlooked by this method. However, if that were the case then
one would expect those areas to have been highlighted by ear-
lier mass-univariate fMRI studies. Furthermore, a recent report
has highlighted TICA may not be as robust as Parallel Factor
Analysis (PARAFAC) if there is a possible violation of the assump-
tion of spatial independence (Helwig and Hong, 2013). It should
be noted, however, that this report only used a simulated data
set. The original description of TICA found it to be more robust
on simulated and real data sets than PARAFAC (Beckmann and
Smith, 2005).
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Table 1 | Regions activated in each independent component.

IC’s common to both IC related to IC related to

tasks EM only MI only

IC1 IC2 IC3 IC8 IC9 IC19 IC26

Left Right Left Right Left Right Left Right Left Right Left Right Left Right

BA44 � � � �
BA4 � � �**

Pre-SMA � � � �
SMA � � � � � � � � � �
PMd � � � � � � � � �
Area 1 � � �
Area 2 � � � �
BA3a � �**

BA3b � �*

hIP1 �
hIP2 � � � �
hIP3 � � �
SPL(7A) � �
SPL(7PC) � �
lPC(PFt) � �
IPC(PFm) � �
IPC(Pga) �
IPC(PF) �
Thal_premotor

Thal_motor � �
Thal_Somatosenosry � �
TE � � �
CB � � � � � �

*Exclusively found in IC19; **Exclusively found in IC26 (Eickhoff et al., 2005).
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The timing of motor imagery has recently received attention from a number of
researchers, culminating in a comprehensive review by Guillot and colleagues. This
paper aims to further explore this issue, building upon the said review to suggest a
number of other important timing-related issues. Specifically, we consider the possible
role of bio-informational theory (Lang, 1979, 1985) and the recent proposal of “behavioral
matching” in conjunction with the PETTLEP model (Holmes and Collins, 2001) of motor
imagery. Furthermore, we explore the possibility that timing has important implications
for motivational aspects of imagery. We then discuss the potential role of rhythm, an
important but often overlooked aspect of skilled motor performance, and its links to
the timing issue. Finally, we conclude by offering suggestions for future imagery timing
research to examine this relatively under-researched area of imagery.

Keywords: mental practice, mental chronometry, imagery timing, bio-informational theory, rhythm

INTRODUCTION
Imagery is one of the most popular psychological techniques
used in sports skill learning. However, despite growing knowledge
of how skills are best learned, there is still some lack of agree-
ment regarding the most effective ways to implement imagery
interventions. One issue that has received a great deal of recent
research scrutiny is the speed at which the imagery should be
conducted to have the greatest performance benefits. Imagery can
be performed in real time, or there can be a divergence between
the time taken to perform a movement and to mentally simulate
it. This may be deliberate or because an individual is not capable
of producing a vivid image in real time. For example, individuals
may perform slow motion imagery deliberately when developing
a skill, to enable them to focus more on key aspects of that skill
than would be possible when performing real-time imagery (O
and Hall, 2009). Also, stroke rehabilitation patients may perform
slow imagery as following a stroke motor cognition slows down
(González et al., 2005). Alternatively, an athlete may, when men-
tally simulating a skill, imagine him or herself to perform the skill
more quickly than he or she currently does, as faster performance
is desirable ( e.g., in running a race). A recent review by Guillot
et al. (2012) addressed many of the associated issues and provided
a clear and comprehensive examination of work in this area. In
order to respond to this, we would like to add our own suggestions
for future research and raise issues that we believe could further
develop understanding of this component of imagery research.

BIO-INFORMATIONAL THEORY
Researchers in sport psychology have long been intrigued by the
possible applications of Lang’s (1979, 1985) bio-informational
theory to motor imagery (see, for example, Hale, 1982, 1994).
This theory was proposed to explain the effects of imagery

interventions in treating emotional disorders, but the theory also
seems to apply well to the imagery of motor skills. Indeed, its
tenets have been well-supported in the sport psychology literature
(Bakker et al., 1996; Smith et al., 2001; Slade et al., 2002; Smith and
Collins, 2004; Wilson et al., 2010). Lang posited that all knowledge
is represented in memory as units of information regarding
objects, relationships and events. These units of information
are termed propositions, of which there are three fundamental
categories represented in memory: stimulus, response and mean-
ing propositions. Stimulus propositions are the descriptive refer-
ents relating to the external environment. Response propositions
describe the responses of the individual to the stimuli in the scene,
such as motor activity and autonomic changes. Meaning propo-
sitions are analytical and interpretative, adding components of
information not available from the stimuli in the situation. They
define the significance of events and the consequences of action.

According to Lang (1985), the processing of response proposi-
tions accesses the memory representation for the imaged move-
ment, and thus leads to physiological responses in relevant
muscles and organs. Also, meaning propositions must be pro-
cessed to fully access the memory of the action. It is the accessing,
and subsequent strengthening, of the memory representation that
is hypothesized to enhance performance. We might expect that
imagery performed at the same speed as the task is actually per-
formed would be more meaningful to the performer than slower
or faster imagery, having stronger meaning propositional content.
According to bio-informational theory such greater meaningful-
ness should translate into more effective imagery, but such a
suggestion has yet to be tested from a Langian perspective. In
addition, the timing issue has important implications for response
propositions and the kinesthesis that results from the processing
of these. Specifically, the kinesthetic sensations accompanying a
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movement are partially dictated by the timing of that movement,
as changes in the timing will lead to changes in the pattern of
muscle activation that produces the kinesthetic sensations being
experienced. This is because movement kinematics change as
movement speed changes (for example, Brindle et al., 2006),
therefore we hypothesize that real time imagery will be more
likely to be associated with realistic, meaningful kinesthesis than
will slow motion or fast imagery. However, this has yet to be
tested empirically, and thus examinations of the effects of imagery
timing on the propositional content of the imagery experience
(specifically response and meaning propositions) would be very
welcome additions to the imagery literature.

BEHAVIORAL MATCHING
The development of the PETTLEP model (Physical, Environ-
ment, Task, Timing, Learning, Emotion, Perspective; Holmes and
Collins, 2001) provided some practical guidelines for imagery
interventions. The model was based on findings from neuro-
science (Jeannerod, 1997) and cognitive psychology (see Lang’s
work cited in the preceding section). It centered on the premise
that a “functional equivalence” exists between imagery and execu-
tion of a task. However, a review by Wakefield et al. (2013) further
explored this issue and concluded that behavioral matching may
be a more appropriate term for the interventions used in most
published research on this topic, as the similarity described in
these studies is more at a behavioral level, and merely reflects and
implies neural equivalence. As such, they recommended that the
behavioral aspects of PETTLEP imagery be matched as closely as
possible to actual execution of a task.

Timing is one such component of the PETTLEP model and,
as such, if behavioral matching is to occur then imagery inter-
ventions should be conducted in real time, appropriate to the
learning stage of the performer. O and Hall (2009) tested the
intentional use of imagery at different speeds, reporting that
slow motion imagery was used more frequently when learning a
new skill. Timing has also been shown to be adversely affected
when imagery is performed in a relaxed condition (Louis et al.,
2011). This further supports the notion that imagery should
be matched to the behavioral characteristics of physical perfor-
mance. However, skilled performers can intrinsically control the
speed of their imagery (Munroe et al., 2000; Morris et al., 2005).
This is interesting in the context of PETTLEP as Holmes and
Collins (2001) suggested there may be differences in the imagery
experience, and the meaningfulness of it, dependent upon the
stage of learning. Despite the mixed findings regarding the relative
efficacy of different imagery timings, further research on this
topic is important to establish the optimal imagery conditions for
enhanced performance.

Recent work in our own laboratories has focused on manipu-
lation of imagery speed within the framework of the PETTLEP
model. The work has assessed the impact on performance of
sport and fitness-based tasks, with imagery conducted at real
time, increased speed and slow motion using video-controlled
timing (i.e., using action observation concurrently to imagery,
with participants instructed to mentally simulate the movement
whilst watching a first-person perspective video of it). Preliminary
results have generally revealed a positive impact on performance

regardless of imagery speed. However, the real time and slow
motion groups have shown the largest performance increases.
Therefore, this evidence does not unequivocally support the idea
that real time imagery should generally be used to facilitate the
behavioral matching process. Indeed, depending on the stage of
learning of the performer or their particular performance goals,
slow motion may be equally effective, as slow motion imagery
has been shown to have advantages for athletes trying to correct
a bad habit (Syer and Connolly, 1984). Specifically, slow motion
imagery will enable the athlete to see and feel faults in technique
in a way that might be impossible with real time imagery, par-
ticularly with skills that are performed in a very short space of
time, such as specific parts of a gymnastics move or a dive. In
such cases the movement would be over so quickly that it would
be difficult for the athlete to focus in any detail on specific parts
of it whilst imaging in real time. Slow motion imagery, on the
other hand, may enable the athlete to explore different parts of the
movement more effectively. Thus, the efficacy of real-time versus
slow motion imagery may be achieved through slightly different
mechanisms, with real-time imagery providing a very meaning-
laden and behaviorally-matched imagery experience to enable
realistic mental practice (cf. the PETTLEP model, Wakefield et al.,
2013) and slow motion imagery enabling an explicit analysis of
technique, enabling performance enhancement through modifi-
cations made in response to such analysis.

MOTIVATIONAL ASPECTS
Guillot et al. (2012) focused their attention on the cognitive
specific function of motor imagery (i.e., the use of imagery to
mentally simulate movements), stating that there is no reason
to presume that imagery speed might influence motivational
imagery’s effectiveness. However, cognitive specific imagery may
also produce motivational effects, and imagery speed may well
be a confounding factor in such effects, particularly in activi-
ties where speed is a crucial element of performance. It seems
reasonable to presume that imaging such activities faster than
they can be carried out at present (such as a sprinter imagining
performing a personal best time) may well have strong motiva-
tional impact. Conversely, imaging such activities more slowly
than would normally be performed (such as a triple jumper
imaging performing their run-up in slow motion to help correct a
technical fault) would be less likely to have a motivational impact,
though the imagery may still serve a very useful purpose. More
research is therefore needed to examine the effects of different
imagery speeds on the motivational impact of cognitive-specific
imagery.

RHYTHMICITY
A further issue relating to the timing of imagery that could benefit
from more research is the rhythmicity of the action. Many, if not
all, sports skills can be considered rhythmic in nature (Gallahue
and Donnelly, 2003), and rhythm, or “temporal invariance of
movement components” (MacPherson and Collins, 2009, p.S49),
is a crucial aspect of many sport skills. Thus, whereas timing in
imagery corresponds to the duration or speed of a global task,
rhythmicity relates to the relative timing of different parts of a
task, such as when a series of co-ordinated actions are performed.
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Links have been shown between rhythmicity and performance
of a number of sports including gymnastics (Pica, 1998), golf
(Kim et al., 2011a), dance (Laurence, 2000), fencing (Borysiuk
and Waskiewicz, 2008), swimming (Zachopoulou et al., 2000) and
tennis (Sogut et al., 2012). Rhythm, like imagery, is an important
component in ensuring effective preparation for competition
(MacPherson and Collins, 2009). Research has shown that as skill
level improves, there is a decrease in the degree to which the
movement sequence varies (Rose and Christina, 2006). Thus, it
could be argued that increased rhythm is achieved when learning
progresses and stable rhythmic structures are apparent in mature
motor skill patterns. However, research has shown increased
temporal variability, thus reduced rhythm, with increasing age
(Kim et al., 2011b). The rhythm of the action to be imaged may,
therefore, have an impact on the optimal imagery conditions,
and should be considered when designing interventions. Also, the
degree to which rhythm is a necessary component of a particular
skill may influence the effect of varied timing of interventions
on that same skill. MacPherson and Collins (2009) argue that
promoting mechanisms controlling the consistency of timing and
rhythm is a worthy endeavor in the field of sport psychology.

Furthermore, Calmels et al. (2006) revealed that, whilst total
time was comparable between imagery and execution, differ-
ences were apparent in the relative timing of the components.
Therefore, focused imagery and observation interventions may
not assist in ensuring and maintaining the rhythmical aspects of
the components of sports skills: an area that warrants further
research. The influence of factors such as imagery modality,
agency and perspective on relative timing of movement compo-
nents during imagery may be particularly worthwhile, to deter-
mine whether behavioral matching of imagery and movement
execution may be more effectively achieved when such variables
are manipulated in particular ways. For example, research (White
and Hardy, 1995; Hardy and Callow, 1999) has found that third-
person visual perspective imagery is more effective at enhancing
the performance of form-based skills, such as gymnastic tasks,
than the first person visual perspective. Given that rhythm is often
a crucial component of such skills, and that the third person
perspective provides a model of performance from which key
aspects of the movement can be extracted, including rhythm, we
hypothesize that external visual imagery may be more effective
in reinforcing the desired rhythm than internal visual imagery.
This is especially likely if the external perspective imagery is
accompanied by kinesthesis, as imaging the feel of the movement
may also help the imager mentally simulate the desired rhythm,
which will no doubt be associated with particular kinesthetic
sensations. The testing of such hypotheses would be a very useful
addition to the imagery literature.

CONCLUSION
In conclusion, we have highlighted some further areas that may
impact imagery timing and the efficacy of different intervention
speeds. Each of these areas would benefit from further research.
Indeed, simply from a practical point of view, completing imagery
at an increased speed enables more “sets” to be completed within
a given intervention period. Additionally, this would also benefit
performers in situations where there is a lack of available time

(i.e., between points in a match). However, an increased speed of
imagery could well have a detrimental effect on the quality of the
imagery, though this is an issue that remains to be investigated.
It is therefore important to fully understand the benefits and
drawbacks of the varying timings of imagery, in order that the
correct intervention can be matched to the age, performance
level and sport of the individual. As such, we recommend future
research should focus on the potential motivational effects of
imagery timing, the link to meaning and the potential overlap
with producing rhythmical action.
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Past research demonstrates that we are more likely to positively evaluate a stimulus if we
have had previous experience with that stimulus. This has been shown for judgment of
faces, architecture, artworks and body movements. In contrast, other evidence suggests
that this relationship can also work in the inverse direction, at least in the domain of
watching dance. Specifically, it has been shown that in certain contexts, people derive
greater pleasure from watching unfamiliar movements they would not be able to physically
reproduce compared to simpler, familiar actions they could physically reproduce. It remains
unknown, however, how different kinds of experience with complex actions, such as
dance, might change observers’ affective judgments of these movements. Our aim was
to clarify the relationship between experience and affective evaluation of whole body
movements. In a between-subjects design, participants received either physical dance
training with a video game system, visual and auditory experience or auditory experience
only. Participants’ aesthetic preferences for dance stimuli were measured before and
after the training sessions. Results show that participants from the physical training
group not only improved their physical performance of the dance sequences, but also
reported higher enjoyment and interest in the stimuli after training. This suggests that
physically learning particular movements leads to greater enjoyment while observing
them. These effects are not simply due to increased familiarity with audio or visual
elements of the stimuli, as the other two training groups showed no increase in aesthetic
ratings post-training. We suggest these results support an embodied simulation account
of aesthetics, and discuss how the present findings contribute to a better understanding
of the shaping of preferences by sensorimotor experience.

Keywords: aesthetics, neuroaesthetics, training, motor learning, observational learning, dance

INTRODUCTION
Human interest in aesthetics has been present for millennia, with
some of the earliest evidence coming from the Palaeolithic cave
paintings in Lascaux and the so-called Venus figurines (De Smedt
and De Cruz, 2013). Until recently, the study of aesthetics resided
within the humanities, as philosophers, ethnographers and artists
grappled with questions concerning what it meant for an object,
song, poem, or dance to be considered beautiful or aestheti-
cally pleasing. Only recently has academic interest in aesthetics
broadened to also include scientific studies. In particular, neu-
roscientists and experimental psychologists have begun to study
the cognitive and brain processes underlying a perceiver’s aes-
thetic experience when beholding an artwork (Zeki and Lamb,
1994; Ramachandran and Hirstein, 1999; Vartanian and Goel,
2004).

A considerable number of researchers have been interested in
exploring the behavioural consequences or neural substrates of
aesthetic evaluation of static, visual artworks, such as paintings
and sculpture (Berlyne, 1974; Cela-Conde et al., 2004; Kawabata
and Zeki, 2004; Leder et al., 2004; Jacobsen et al., 2006). Far less
attention has been devoted to exploring the brain and behavioral
manifestations of the aesthetics of performing arts, such as theater

and dance. We argue that dance is a particularly rich art form to
investigate due to an equally strong reliance upon a dancer’s cre-
ative and artistic sensibilities as well as his or her physical abilities.
Moreover, dance is the only form of art based solely on move-
ment of the human body. As such, behavioral and neuroscientific
methods are starting to offer new insights into subjective and
objective features of the relationship between movement and cog-
nition, including action perception coupling and the perceiver’s
aesthetic experience of watching dance (Bläsing et al., 2012; Cross
and Ticini, 2012).

Several neurocognitive investigations have incorporated dance
into experimental paradigms to advance knowledge of how we
perceive others’ bodies in action, as well as how an observer’s
action experience influences perception of others’ actions.
Through use of neuroimaging (Calvo-Merino et al., 2005, 2006;
Orgs et al., 2008), behavioral (Calvo-Merino et al., 2010; Stevens
et al., 2010; Jola et al., 2012b), and combined neuroimaging and
behavioral approaches (Brown et al., 2006; Cross et al., 2006,
2009a,b), these studies demonstrate how being in possession of a
highly skilled movement repertoire influences perception of other
people in motion (for a comprehensive overview, see Bläsing
et al., 2012). One relevant strand of scientific inquiry that has used
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dance as a medium for understanding links between perception
and action focuses on the aesthetic value of a movement to an
observer (Cross and Ticini, 2012). Calvo-Merino et al. (2008)
did this by investigating brain processes that underlie dance-
naïve participants’ aesthetic experience when watching dance.
They identified what kinds of movements were most appealing
to spectators and brain areas that showed greater activation when
spectators watched movements that were enjoyable to observe
compared to those that were less enjoyable. The authors found
that visual and sensorimotor brain areas play a role in an auto-
matic aesthetic response when viewing dance movements that are
rated as enjoyable to watch.

In a subsequent fMRI study, Cross et al. (2011) aimed to
draw together earlier research on action experience with ques-
tions about aesthetics by quantifying the relationship between
observers’ ability to physically perform dance movements and
the degree to which they liked watching them. In this study, par-
ticipants rated their perceived physical ability to perform dance
movements (after Cross et al., 2006) and also gave an aesthetic
rating of each dance movement on the like-dislike dimension
of Berlyne’s (1974) aesthetic evaluation scale. The behavioral
data from this study showed that participants liked movements
more that they perceived as difficult to perform. This result sug-
gests that lesser embodiment (or perceived physical ability) of
an observed action is associated with greater enjoyment when
watching that action. While the relationship between physical
familiarity and enjoyment was very clear in the Cross et al. (2011)
study, this finding stands in strong contrast with a number of
other experimental investigations into the relationship between
familiarity and enjoyment of a stimulus. In non-dance domains,
a consistent finding is that individuals tend to like objects, paint-
ings, text, and even abstract visual stimuli more when they are
familiar with them (Sluckin et al., 1982; Hekkert et al., 2003;
Jacobsen et al., 2006; Bohrn et al., 2013). Such discrepant find-
ings from the dance and non-dance domains of experimental
aesthetics research underscore the need to clarify the relationship
between an observer’s aesthetic experience and familiarity in the
physical domain. The primary aim of the present study was to
clarify this relationship.

While it has been shown that physical experience with com-
plex, full-body dance actions modulates structure and function
within the human brain (Calvo-Merino et al., 2005, 2006; Cross
et al., 2006, 2009a,b; Hänggi et al., 2010), it remains unclear
whether and how these changes might be correlated with changes
in aesthetic preference. Put in other words, it is unknown how
increasing an observer’s physical experience with dance move-
ments might change his or her aesthetic response to watching
those same movements. In non-dance domains, several studies
have demonstrated that acquired expertise influences aesthetic
judgments. Behavioral studies have shown that the level of an
observer’s expertise modulates his or her aesthetic evaluation
of artworks (Zajonc, 1968; Sluckin et al., 1982; Schmidt et al.,
1989; Hekkert and van Wiering, 1996), and brain imaging exper-
iments have confirmed that acquired expertise is associated with
changes in brain structures underlying perceptual and memory
processes (Bangert et al., 2006). Together, these studies suggest
that an art-viewer’s expertise changes how works are perceived

and judged. To date, it remains unknown how physical experience
might shape a viewer’s aesthetic experience of watching dance.

Based on the evidence reviewed above, it seems likely that
learning to perform a particular dance movement could influence
an observer’s aesthetic experience of watching that movement.
Montero (2012) describes this situation in behavioral terms. She
maintains that dance training can facilitate a kinesthetic experi-
ence when watching dance without which some aesthetic aspects
of dance performance, such as grace, power, and precision, may
go unnoticed. Thus, Montero argues, physical expertise facilitates
a more differentiated view on dance performances. The present
study attempts to directly address the link between physical abil-
ity and aesthetic experience using a dance-training paradigm.
Our primary aim was to quantify how the relationship between
these two variables is manifest behaviorally. By using a popular
video game system that teaches players to mirror hip-hop/popular
dance sequences performed by avatars, we controlled for specific
features of the physical stimuli and participants’ training expe-
rience, including movement, music, costumes, and background.
Thus, our approach moves a step beyond the short isolated dance
clips with minimal costume or setting information used in most
prior studies that have used dance to study psychological or neu-
roscientific questions (c.f., Bläsing et al., 2012), and helps to create
a more ecologically-valid, natural performance and spectator
experience (c.f., Jola et al., 2012a,b).

Participants without prior dance experience were split into
three training groups: a group that physically practiced sev-
eral dance sequences (physical training group), a control group
that simply watched and listened to the dance training music
videos (which included dancing avatars; audiovisual experience
group) and another control group that only listened to the
soundtrack that accompanied the dance training music videos
(auditory experience only group). The audiovisual experience
group was included to examine effects of embodiment per se
on aesthetic evaluation (as participants in this group spent the
identical amount of time as the physical training group watching
and listening to the video stimuli) and the auditory experience
only group was included to examine the impact of increasing
familiarity with music on aesthetic ratings.

Distinct predictions were formulated for how different train-
ing experience should impact aesthetic judgements in the present
study. Before participants began any form of training, we expected
to replicate the behavioral findings of Cross et al. (2011) by
demonstrating greater liking of more difficult movements. In
terms of how the training manipulation should impact per-
ception, separate predictions were formulated for each training
group. For the physical training group, two alternative predic-
tions can be distinguished. First, if increased physical experience
has the same effect as increased visual familiarity with paintings
(Jacobsen et al., 2006) or conceptual familiarity with texts (Bohrn
et al., 2013), then we would expect these participants to like the
movements more after 4 days of dance practice. Alternatively, if
the relationship between aesthetic enjoyment and physical abil-
ity reported by Cross et al. (2011) endured after several days of
physical practice, then we would expect participants in the phys-
ical training group to like the movements less that they have
learned to perform through physical practice. For participants

Frontiers in Human Neuroscience www.frontiersin.org September 2013 | Volume 7 | Article 521 | 112

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Kirsch et al. Sensorimotor experience and aesthetics

in the audiovisual experience group, even without ever attempt-
ing to perform the observed sequences, we expected their ability
to dance the sequences they watched throughout training to
improve somewhat from this observational learning context (c.f.,
Mattar and Gribble, 2005; Torriero et al., 2007; Cross et al.,
2009a). As a consequence of this, we expected aesthetic ratings
to change in the same direction (but perhaps to a lesser degree)
as those from participants in the physical training group. Finally,
for participants in the auditory experience only group, we did
not expect their aesthetic experience of the dance movements to
change, as this type of training should not result in any changes
in their ability to perform the dance movements associated with
the songs listened to during training.

METHODS
PARTICIPANTS
Sixty-two participants (44 females, mean age = 22.60 years; SD =
3.38) were recruited from Bangor University to participate in a 1-
week dance training study. All participants were matched across
the three different training conditions in terms of age and prior
dance experience. Whereas we sought to include only participants
who had no prior dance experience, it was impossible to assemble
a participant sample without any reported experience with dance
classes or playing dance video games. Thus, we categorized par-
ticipants who had less than a half-year of formal dance training as
non-dance experienced, as was done in other dance training stud-
ies (Cross et al., 2011). No differences between experienced and
inexperienced participants were found in relation to the research
question1.

Two participants were excluded from the final study sample,
because they did not respond to more than 10% of the trials
of the aesthetic rating tasks. Thus, the final sample size was 60
participants, with 21 participants in the physical training group,
19 participants in audiovisual experience group, and 20 partic-
ipants in auditory experience only group (Figure 1A). Bangor
University’s ethical research committee approved all components
of the study. All participants gave informed consent and received
monetary compensation (in the form of gift vouchers) or course
credits for their participation.

STIMULI AND APPARATUS
Physical performance measures
We chose three sequences from the database of the Xbox 360
Kinect™ game Dance Central 2 (Harmonix Music Systems,
Cambridge, MA), according to the variety of dance movements
and their difficulty level. The sequences lasted an average of
2:23 min (from 2:19 to 2:30 min). Dance clips were specifically
chosen that contained those movements previously shown to be
most appealing to dance naïve participants, such as whole body
movements with significant displacement of the body in space
(like jumping; Calvo-Merino et al., 2008). Furthermore, by using

1Three MANCOVAS were evaluated with experience (yes/no) as independent
variables and post-measures of Question 1–5 as dependent variables. The
multivariate tests revealed no significant influences of experience in any of
the three groups (p = 0.443; p = 0.357; p = 0.101, respectively). However,
these values should be interpreted with some caution due to the fact that
participants’ experience was coded only according to binominal variables.

FIGURE 1 | Key elements of experimental procedures, stimuli, and
apparatus. (A) Participants partook in 5 consecutive days of testing, with
pre-training ratings of the stimuli collected on the first day and post-training
ratings collected on the fifth and final day of testing. Participants took part
in four identical training sessions (with training experience dependent on
group) on days 1–4 of the experiment. Following collection of post-training
ratings on day 5, participants were asked to perform the two sequences
they had some kind of experience with during training, as well as one novel
sequence. (B) Illustrations of the female avatar and male avatar used in the
Dance Central™ video game. (C) Laboratory set up for physical training
with the Xbox Kinect™ dance video game.

a classification given by the Xbox Kinect™ system (general dif-
ficulty level from 1 to 7), we chose clips with medium difficulty
levels (3–5, respectively), to ensure that all participants would
be able to perform them, but would still be challenged across
the 4 days of training. In addition, within each general diffi-
culty level, it was possible to specify further the level of difficulty
for an individual sequence, which represents the complexity and
rapidity of changing dance movements (easy, medium, and diffi-
cult). We chose a medium difficulty rating for all sequences. Two
sequences were used for all three training group, and a third novel
sequence was introduced on the final day of testing for all groups
to attempt to physically perform a sequence with which they had
no prior experience. The objective of this “surprise dance test”
was to record a physical ability score for each participant, as well
as to determine whether any participants who had not trained
with the Kinect™ system might nevertheless have advanced dance
abilities. Furthermore, this novel sequence enabled us to examine
any potential carry-over effects within the physical training group
(see also Cross et al., 2009a,b).

Affective judgment measures
For the aesthetic rating task, the two trained sequences were
edited to create 20 short dance clips, 10 from each sequence,
performed by both male and female avatars. Participants encoun-
tered these 20 short sequences, which ranged in length between
5 and 7 s, before and after training in a task used to assess aes-
thetic evaluation of the movements. Each clip was selected to
contain one main movement, repeated at least twice (such as two
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consecutive hip swivels). As a general heuristic, all sequences of
medium difficulty in the Dance Central 2 game comprise approx-
imately 10 core movements that are repeated and arranged in
different orders according to the individual song.

PROCEDURE
Participants arrived on the first day with no prior experience play-
ing the Dance Central 2 video game. Participants filled in The
Brunel Mood Scale (BRUMS) developed by Terry et al. (2003).
This questionnaire, which is based on the Profile of Mood States,
contains 24 questions divided into six respective subscales: anger,
confusion, depression, fatigue, tension, and vigor. The items
are answered on a 5-point Likert scale (with anchors 0 = not
at all; 4 = extremely). We collected these data to ensure that
any effects that might emerge across the days of training were
not simply due to differences in mood unrelated to the task.
We did not observe any difference of mood across groups over
the week [F(6.304, 185.980) = 0.450, p = 0.852]. Participants then
rated the 20 short movement clips on five different questions
based on an eight-point Likert scale (anchors: 1 = not at all; 8 =
extremely). Movement clips (including the corresponding audio
track) were presented to the participants with MATLAB R2010a
Psychtoolbox3 in a random order. The five questions, based on
those asked in the Cross et al. (2011) study, were presented in a
random order after each sequence and designed to assess partici-
pants’ affective appraisal of the movement just watched, as well as
how complex and engaging they found the movement to be. The
questions were “How much did you like the dance performance
you just watched?,” “How complex did you find the dance per-
formance you just watched?,” “How interesting did you find the
dance performance you just watched?,” “How much would you
enjoy trying to perform the movement right now?,” and “How
much did you like this clip of music?”

After performing this rating task, each participant was
assigned to one of the three training groups based on the assess-
ment of his or her previous dance experience/abilities. For the
physical training group, the two selected dance sequences were
presented to the participants using the Xbox Kinect™ system
twice in a random order (once with a female and once with a male
avatar (Figure 1B); for a total of four dance sequences practiced
each day). Participants stood in front of a TV screen and watched
the avatar performing a dance sequence. Simultaneously, partici-
pants mirrored the movements as well as they could (Figure 1C).
The Kinect™ sensor captured their movements to calculate a
total score for movement accuracy, and also rated participants’
overall performance on a 5-point star scale for each performed
sequence. The number of stars awarded after each dance perfor-
mance takes into account overall movement fluency as well as
the number of well-executed movements in a row. At the end of
each training day, participants from the physical training group
were asked to give their subjective rating of their ability to per-
form the dance sequences (“How well did you know the dance
sequence”) and their feelings while dancing (“How did you feel
during performing the dance sequences”) on a 5-point Likert
scale.

For the audiovisual experience group, the four original dance
sequence videos that the physical training group trained on (two

sequences each danced by a male and female avatar; including
soundtracks) were presented to participants on a desktop com-
puter with MATLAB R2010a. Participants were asked to watch
the avatar perform the dance movements while sitting still.
Furthermore, an attention maintenance task was added to each
sequence to make sure that the participants paid attention to the
stimulus material. Whenever the participants saw a fixation cross
in the middle of the screen (during the video sequences), they
had to push the right arrow key on the computer keyboard as fast
as possible. This fixation-cross appeared randomly with a mean
spacing time of 10 s.

For the auditory experience only group, participants listened
twice to the soundtracks belonging to the two original video
sequences. The computer screen remained black. The condition
fulfilled the function of a control condition, because no visual
stimuli were presented that should impact participants’ dance
ability. To make sure that participants paid attention to the music,
random beeps was added to the music and whenever the partic-
ipants heard it, they had to press the right arrow button as fast
as possible. Similar to the attention task of audiovisual experience
group, the beeps occurred randomly with a mean spacing time of
10 s between beeps.

On the 3 consecutive days of training (days 2–4 of the experi-
ment), all participants came to the lab and repeated the training
procedures with the same sequences they rehearsed on day 1.
On the fifth and final day of testing, all participants returned
for a post-training test. Each participant had to rate the same
set of 20 dance clips they had rated on day 1, prior to their
first training session. Then, all participants (including those who
had been in the audiovisual training condition and the audio
only training condition) performed three dance sequences. Each
participant had to perform the two sequences they had experi-
enced some aspects of during training, as well as a surprise, novel
dance sequence to which participants had not yet been exposed
in the course of the experiment. All participants performed each
of the three sequences once (randomly ordered across partici-
pants). For the two groups of participants who did not train
with the XBox Kinect™ system (audiovisual and auditory expe-
rience only groups), the experimenter described the task they
would be performing, and care was taken so that each participant
clearly understood how to reproduce the movements of the avatar
and thus play the game correctly. Dance accuracy scores calcu-
lated by the Kinect™ system were recorded for the three dance
sequences and all participates were asked about their perception
of their ability to perform these sequences. They were asked to
rate their ability to perform the dance sequences (“How well did
you know the dance sequence?”) and their feelings (“How did
you feel during performing the dance sequences?”) on a 5-point
Likert scale for both the two trained sequences and the novel
sequence.

We did not expect to find differences between groups for per-
formance of the novel sequence, as the sequence was new to
all participants (and clearly distinct from the trained sequences
practiced by the physical training group). As the novel sequence
was added to the post-training follow-up test after the start
of the study, it was not possible to completely counterbal-
ance all sequences beforehand. Thus, the novel sequence in
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the post-training follow-up test as the same for all partici-
pants 2. At the end of the fifth testing session, participants
completed a questionnaire on their attitudes and preferences
about dance as well as a questionnaire about their openness
to experience. As these data were collected to address another
experimental question, they are not considered further in this
paper.

DATA ANALYSIS
Physical performance
For the physical training group, participants’ scores were recorded
with the Kinect™ system. However, due to the complexity and
somewhat opaque nature of the Kinect™ scoring system, it was
necessary to devise a method for generating a numeric score
that took into account all elements of performance, including
raw dancing score, bonus points for number of nice moves
(denoted by green stones in the final score summary), flawless
moves (denoted by diamonds in the final score summary), and
number of stars awarded to each performance (stars correspond
to a combination of several nice or flawless moves performed
consecutively) 3. We calculated an overall score for each per-
formed sequence based on the following algorithm: overall score
= number of green stones∗5000 + number of diamonds∗10000
+ stars∗1000 + raw numeric score. By taking into account all
the “bonus points” scored by participants, this ensured that all
aspects of the performance were considered as part of the final
score. Using this algorithm, we created an objective measurement
of each participant in the physical training group’s physical abil-
ity to perform each dance sequence at the individual training
sessions. We then ran a repeated-measure ANOVA to investi-
gate whether this group’s dance scores increased across their daily
training sessions.

We analyzed the subjective physical ability ratings reported
each day by the participants of the physical training group, after
they completed their physical practice. They were asked to rate
their ability to perform the dance sequences (“How well did
you know the dance sequence”) and their feelings while dancing
(“How did you feel during performing the dance sequences”) on a
5-point Likert scale. The final analysis of performance ability was
run on dance scores from all three groups from the post-training
surprise dance test.

2As the surprise dance test measure was added to the experiment after testing
had already commenced, the first five participants did not perform the novel
sequence in the follow-up surprise dance retest. Thus, all data reported on
this measure come from a subset of 57 participants from the total sample of
60 participants.
3To our knowledge, definitive guide for precisely how the Xbox Kinect™ sys-
tem scores movement is not available. Our attempts to contact Microsoft to get
this information were unsuccessful, but ample searching of video game web
forums revealed information about the relative quality of green stones and
diamonds, as well as what the stars correspond to. Thus, although our scor-
ing algorithm is not directly calculated from the automated Kinect™ numeric
score generated at the end of each dance performance, it is based on accurate
relative values of the video game feedback, and as all participants were scored
by the same system, any bias or inaccuracies in our scoring algorithm apply
equally across all participants’ dance scores, and thus should not negatively
impact results.

Affective judgment
In order to address our main question whether different kinds
of experience with whole-body actions might change observers’
affective judgments, we evaluated training effects on ratings
by calculating a difference score for each participant between
post-training and pre-training ratings. Standard inference statis-
tics were used to compare the performance and judgments
of the groups in critical conditions and pairwise comparisons
(Bonferonni corrected) were subsequently used to look into
any differences in more detail. Degrees of freedom reflect the
Greenhouse-Geisser correction where sphericity has been vio-
lated. Finally, to further explore how the current data relate to
behavioral findings reported by Cross et al. (2011), we com-
puted a correlation between participants’ ratings of liking and
complexity both before and after training.

RESULTS
PHYSICAL PERFORMANCE
To determine whether participants in the physical training group
improved their performance on the dance sequences they trained
on for 4 consecutive days, we ran a repeated-measures ANOVA
with dance score across the 4 days of training as the within-
subjects variable. This analysis revealed that participants’ dance
scores significantly improved over the 4 days, F(3, 18) = 11.386;
p < 0.001, and the test of within-subjects contrasts reveals that
this pattern is best captured in a linear contrast, F(1, 20) =
21.792; p < 0.001 (Figure 2). Further investigation into differ-
ences between individual days of training revealed that a signif-
icant improvement was only observed from the first to the second
day of training (p < 0.001).

With a repeated-measures ANOVA, we analyzed partici-
pants’ responses to surveys querying their subjective feelings
about their performance after each training session. This anal-
ysis demonstrated a clear increase day after day of participants’
subjective feelings of knowing the sequences [F(4, 80) = 47.242;
p < 0.001; Figure 3A]. It is of note, however, that no change
was seen across training days in terms of how good they felt

FIGURE 2 | Mean dance scores for the physical training group across
the experiment. Participants in the physical training group practiced the
same two dance sequences across the 4 days of training, and then
performed the same sequences one final time on the post-training dance
test on Day 5. See main text for how scores were calculated based on Xbox
Kinect™ output.
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FIGURE 3 | Self-assessment by participants in the physical training group, collected each day after physical practice. (A) Participants’ assessment of
how well they thought they knew the sequences they just performed. (B) Participants’ assessment of how they felt after each day of training.

whilst physically performing the sequence [F(1.15, 23.04) = 1.740;
p = 0.201; Figure 3B]. As participants’ dance scores improved
(Figure 2), so did their subjective feelings of how well they know
the sequences (Figure 3A).

For the third analysis of physical performance, scores were
compared between all participants’ performance of the two
trained sequences (averaged together), and the one novel
sequence, on the fifth day of the study. For the trained sequences,
results show that depending on the training group, participants
performed differently on the fifth day [F(2, 53) = 28.850; p <

0.001; η2 = 0.521]. Participants from the physical training group
performed better than those from the audiovisual experience and
auditory experience only groups (p < 0.001). No differences in
performance were found between the audiovisual and auditory
experience only groups (p > 0.900). For the novel sequence, we
found a weaker difference between groups, suggesting that train-
ing had less of an effect on participants’ ability to perform the
new sequence [F(2, 53) = 3.565; p = 0.035; η2 = 0.119]. A sig-
nificant difference emerged between the physical training and
the audiovisual experience groups (p = 0.036) but not between
the physical training group and the auditory experience only
group or between the audiovisual experience group and the audi-
tory experience only group (p = 0.713, p = 0.469, respectively;
Figure 4).

As a whole, all groups showed better performance for the
sequences they had some kind of experience with during the week
of training (either physical, audiovisual, or auditory only) com-
pared to the novel sequence (all p < 0.001). While we believe the
most likely interpretation of this finding is that increased familiar-
ity in any domain (whether motor, visual, auditory, or all three)
leads to performance benefits, this finding could also be explained
by some kind of inherent difference in sequence difficulty between
the two trained sequences and the novel sequence. Future research
could explore this possibility.

AFFECTIVE JUDGMENT
The principal aim of this study was to evaluate how different
kinds of experience with complex, full-body movements influ-
ence affective judgment of these movements. After computing
the difference scores (post-training ratings - pre-training ratings)
for each participant on short clips of the dance sequences, we
conducted a multivariate ANOVA with participants’ ratings as
the dependent variable, the five questions as the independent

FIGURE 4 | Mean dance scores for each training group for the two
dance sequences they have had some kind of prior experience with, as
well as one novel dance sequence, collected on the final day of the
experiment. Only participants in the physical training group had prior
experience with dancing any of the sequences.

variables (Like watching? How complex? How interesting? Enjoy
performing? Like music?) and the three training groups as a
between-subjects factor. Results indicate that training condition
had a significant effect on the post-training questions of aes-
thetic evaluation that assessed how much participants liked the
dance clip [F(2, 57) = 3.843; p = 0.027; η2 = 0.119], how inter-
esting they found the dance movement [F(2, 57) = 3.830; p =
0.027; η2 = 0.118], how enjoyable participants rated perform-
ing the dance sequence [F(2, 57) = 7.569; p = 0.001; η2 = 0.210]
and how much they liked the music [F(2, 57) = 4.269; p = 0.019;
η2 = 0.130]. No effects were found on how complex participants
found the dance sequences to be [F(2, 57) = 0.337; p = 0.715;
η2 = 0.012]. However, the training experience did not lead to
the same effect across all questions. The biggest differences were
observed between the physical performance and the auditory
experience only group, with smaller or no effects seen between the
physical training and audiovisual experience group (Figure 5).
Compared to the auditory experience only group, participants in
the physical training group show more positive responses after
training to the questions about how much they like the rehearsed
sequences (p = 0.013), how interesting they find the sequences
(p = 0.047), and how much they like the music (p = 0.019).
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FIGURE 5 | Difference scores (calculated as post-training ratings -
pre-training ratings) for each question, separated by training group.
The single asterisk (*) denotes significance at p < 0.05 and the double
asterisk (**) denotes significance at p = 0.002.

Moreover, after training, participants in the physical training
group reported greater perceived enjoyment of performing the
sequences compared to participants in the audiovisual experi-
ence groups (p = 0.018) and the auditory experience only group
(p = 0.002).

To explore within-group effects of the training process on
subjective evaluations of the dance sequences, we conducted inde-
pendent MANOVAs for each training group testing for differences
between pre- and post-training rating scores on the five ques-
tions. Any significant difference from zero (in the positive or
negative direction) would suggest that the training procedures
impacted perception. We found that participants from the phys-
ical training group significantly changed their judgments for
four of the ratings [liking, F(1, 19) = 13.816, p = 0.001; interest,
F(1, 19) = 11.897, p = 0.003; performance enjoyment, F(1, 19) =
16.279, p = 0.001; and music liking F(1, 19) = 4.419, p = 0.049].
In each of these instances, participants’ ratings were significantly
higher after training. No differences were seen between pre- and
post-training ratings for participants in the audiovisual experi-
ence and the auditory experience only groups, with the exception
that participants in the auditory experience only group liked the
music less after training [F(1, 19) = 4.893, p = 0.039].

The final analysis assessed whether a relationship existed
between participants’ ratings of liking and complexity for each
movement, before and after training (Figure 6). When this anal-
ysis was run on pre-training scores, a significant correlation
emerged showing that participants liked more those movements
that they also rated as more complex (r = 0.629; p < 0.001).
However, this positive correlation between liking and complexity
disappeared in the post-training data (r = 0.241; p = 0.066). In
order to better understand differences between the three training
groups, we split the data into groups and ran the same corre-
lations. The correlation between liking and complexity ratings
was significant for the physical training and audiovisual expe-
rience groups (physical training group: r = 0.755; p < 0.001;
audiovisual experience group: r = 0.708; p < 0.001), but not
for the auditory experience only group (r = 0.234; p = 0.320).
After training, the correlation was non-significant for all three
groups. We ran an additional analysis to test whether the corre-
lation coefficients differed before and after training, depending

FIGURE 6 | Correlations between complexity and liking ratings, before
and after training. The left plot illustrates the positive correlation between
liking and complexity before participants had any kind of experience with
the dance stimuli [similar to the situation in Cross et al. (2011)]. The lines
represent the regression lines of the correlation for each group, pre- and
post-training (see the Results section for r- and p-values). The right plot
illustrates that the positive correlation evident for the Physical Training and
the Audiovisual Experience groups disappears after several days of training,
such that those movements that are viewed as most complex are no longer
associated with consistently high liking ratings.

on group assignment (Raghunathan et al., 1996). We found a
significant difference only for the physical training group and a
marginally significant difference between pre- and post-training
correlation values for the audiovisual experience group (physi-
cal training group: z = 2.96; p = 0.003; audiovisual experience
group: z = 1.98; p = 0.048; auditory experience group: z = 0.97;
p = 0.3297). This pattern of findings suggests that physical train-
ing most reliably impacts post-training ratings, while audiovisual
experience alone has less of an influence on the relationship
between liking and complexity ratings. The positive, pre-training
correlation between complexity and liking is consistent with the
behavioral data reported by Cross et al. (2011), and its disappear-
ance after training will be considered in the discussion.

DISCUSSION
The primary aim of the present study was to investigate how
different kinds of experience shape observers’ aesthetic experi-
ence of watching dance. We were interested in whether increased
experience with a dance sequence increases or decreases a spec-
tator’s enjoyment when watching that sequence. The hypothesis
that increased familiarity is associated with increased liking (c.f.,
Jacobsen et al., 2006; Bohrn et al., 2013) was confirmed only
for participants in the physical training group. Participants who
physically practised dance sequences reported greater enjoyment
when watching them, while no systematic differences in aesthetic
ratings emerged among participants in the audiovisual experi-
ence or auditory experience only groups between pre-training
and post-training sessions. This pattern of findings suggests that
the experience of learning to embody an action may play a crucial
role in how much pleasure one derives from watching that action.

On the first day of the study, we demonstrated a significant
correlation between participants’ ratings of liking and complexity
before they had any kind of training with the movement stimuli.
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Specifically, we saw that participants’ ratings of liking positively
correlated with their ratings of perceived complexity. Considering
that participants had no prior experience with the movements
on the first day of the experiment, we suggest that asking them
to rate the complexity of a movement is comparable to asking
them how well they could reproduce a movement (although we
acknowledge that these questions are not tapping identical cog-
nitive constructs). These findings are broadly consistent with the
behavioral correlation between ratings of liking and reproducibil-
ity reported by Cross et al. (2011). Cross et al. (2011) found
that participants preferred watching movements they perceived
as most difficult to physically reproduce. One component that
might modulate the link between complexity and reproducibil-
ity is how familiar one is with a particular movement. In both
Cross et al. (2011) and the current study, participants were asked
to passively watch and rate dance sequences, but participants in
the study by Cross et al. (2011) watched and rated the sequences
during a single experimental session (whilst undergoing fMRI).
In contrast, participants in the current study watched and rated
the sequences on two separate occasions separated by 4 days of
training. This means that all participants in the current study were
more familiar with the stimuli when making the post-training
ratings. Additional empirical support for this theory comes from
a recent study investigating aesthetic judgments of written texts
(Bohrn et al., 2013). In this experiment, participants rated how
much they enjoyed reading proverbs. The authors reported that
participants’ ratings of familiarity and beauty were positively cor-
related (Bohrn et al., 2013). The current results are in line with
this finding, in that the participants who became most familiar
with the stimuli (the physical training group) reported the highest
liking ratings after training.

LIKING WHAT WE CAN DO: LINKS BETWEEN EMBODIMENT AND
AESTHETICS
The data from the present study suggest that there is something
specific about physical experience, per se, that leads to greater
enjoyment of watching that movement. We can deduce this from
the fact that participants in the audiovisual and auditory expe-
rience training groups did not report increased enjoyment when
watching the movements after 4 days of experience, even though
they spent an identical amount of time watching and/or listen-
ing to the music videos as those in the physical training group.
Previous studies with non-dancers that have explicitly studied
the aesthetics of watching dance have speculated that the link
between increased sensorimotor neural activity and greater enjoy-
ment is possibly due to an implicit desire within the viewer
to embody the observed movement (Calvo-Merino et al., 2008;
Cross et al., 2011). Freedberg and Gallese’s (2007) embodied sim-
ulation account of aesthetics posits that a perceiver’s aesthetic
experience of a work of art is inextricably linked to the corpo-
real sensations evoked by the work. In support of this theory,
Freedberg and Gallese focus exclusively on static works of art in
the form of paintings and sculpture, and suggest that an observer
can experience “embodied resonance” when viewing a piece of
art based on the content of the work itself (such as the male
form struggling to emerge from the marble in Michelangelo’s
Slave Called Atlas) or via the visible traces of the artistic medium

(such as the wild scattering of paint in Jackson Pollock’s Number
14: Gray). Freedberg and Gallese (2007) thus maintain that an
observer cannot help but use his or her sensorimotor system when
making aesthetic evaluations of artworks. Even though Freedberg
and Gallese (2007) do not consider the art form of dance in their
embodied simulation account of aesthetics, the findings from
Calvo-Merino et al. (2008) and Cross et al. (2011) lend concrete
support to this theory by demonstrating greater engagement of
sensorimotor brain regions when watching movements rated as
more aesthetically pleasing. The present findings provide addi-
tional support to this theory, as they are the first to show that an
observer’s aesthetic experience increases as a result of increased
embodiment.

Another factor likely to have contributed to participants in
the physical training group’s higher aesthetic ratings post-training
is a change in their perceptual fluency of observed movements.
According to Reber et al. (2004), a key determinant of aesthetic
pleasure is the perceiver’s processing dynamics of a stimulus. In
other words, the more fluently a perceiver can process a stimulus,
the more positive their aesthetic response becomes. This idea has
received support from research showing that observing or per-
forming smooth reach and grasping movements toward everyday
objects results in higher aesthetic ratings of those objects com-
pared to objects that were grasped in a more awkward way (Hayes
et al., 2008). In a recent paper, Montero suggested that dance
training can facilitate the perception of certain aesthetic qualities
of a dance, meaning that aspects such as grace, power, and preci-
sion may go unnoticed without any physical practice (Montero,
2012). A recent study from Calvo-Merino et al. (2010) has shown
that motor training affects the way movement is perceived. The
authors showed pairs of point-light displays of ballet steps to both
ballet experts and non-experts, and found that experts were better
at identifying which displays were identical and which were differ-
ent, suggesting that experts’ perceptual systems are finely tuned by
extensive practice. Such a finding further corroborates Montero’s
idea (2012) that perceptuomotor experience greatly bolsters an
observers’ ability to evaluate or aesthetically judge dance move-
ment. Thus, we argue that our findings are consistent with the
notion that physical practice leads to increased perceptual fluency,
and this in turn positively impacts aesthetic ratings. In the present
study, only those participants who became physically familiar
with the movements enjoyed watching them more post-training.
One possible avenue for future inquiry is whether the relation-
ship between perceptual fluency, experience and aesthetics might
relate to an overarching notion of prediction error, such that we
derive more pleasure from perceiving stimuli that are predictable
(or familiar). While an expanding body of research explores ques-
tions of action predictability (and how experience shapes predic-
tion processes; c.f., Diersch et al., 2012, 2013; Cross et al., 2013),
to our knowledge this issue has not yet been explored in the realm
of aesthetics or affective processing. We suggest that future work
might be able to draw together these themes to better elucidate
the relationship between familiarity, liking and predictability.

LIMITATIONS, IMPLICATIONS AND FUTURE DIRECTIONS
Several limitations of the current study warrant careful con-
sideration. First, we acknowledge that the relationship between
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perceived movement complexity and liking requires further
investigation and clarification. While we believe the correlation
between liking and physical ability reported by Cross et al. (2011)
is relevant to the correlation between liking and complexity
reported in the present study, we still urge caution when consider-
ing both findings together. The present data show that complexity
ratings did not change with training as much as liking ratings
increased with training. Thus, it seems that physical familiarity
engenders liking, but complexity is a more stable phenomenon
that is less susceptible to change. We aim to further explore this
relationship in future work.

Another aspect of the current study and other recent empiri-
cal work on dance aesthetics that could be refined is the method
for evaluating the aesthetic experience of a dance observer.
Although many researchers use the aesthetic rating dimensions
of Berlyne (1974), we suggest that the development of more
comprehensive or objective ways to measure aesthetic expe-
rience would be helpful. One possibility might be to adapt
the implicit association test (c.f., Greenwald et al., 1998) as a
means of sidestepping any kind of social (or artistic) desirabil-
ity bias when assessing a work of art, while tapping participants’
automatic appraisal of a stimulus. Ideally, any such new and
improved measure of aesthetic appraisal would capture a more
detailed and complete view of different perceivers’ aesthetic eval-
uations, and could facilitate the comparison and matching of
these personal, affective experiences to the underlying neural
processes.

One issue to consider is whether empirical paradigms that
study art-related stimuli in extremely reduced forms (such as the
short dance clips used in the present study) are well suited to
studying questions of aesthetics. Returning to the perceptual flu-
ency points discussed in the previous section, it could be reason-
ably argued that aesthetic responses to the full dance sequences
that participants perform or watch (or listen to) throughout the
training week could be better interrogated through investigating
responses to something more complete than 5–7 s segments of the
dance movements. However, a number of studies have shown that
fluency (and indeed, aesthetic) evaluations can be reliably sur-
veyed with even very short movement stimuli in dance (e.g., Orgs
et al., 2013) and non-dance (Cannon et al., 2010) domains.

However, this issue remains worthy of consideration and
has not escaped the attention of other researchers whose work
spans scientific and artistic domains. Jola et al. (2012b) have
addressed this and related concerns through their discussion of

how phenomenology and neuroscience are brought to bear on
experiments involving dance as an art form. Through their work,
they not only investigate observers’ aesthetic responses via brain
and behavioral measures during evening-length costumed dance
performances in the theater (Jola et al., 2012a), but they also con-
sider different ways in which dance and behavioral and brain
science disciplines can be combined. On one hand, they point
out how measures of cortical excitability during dance spectat-
ing can be used as measurement of engagement in dance (Jola
et al., 2012b), but on the other hand they also argue for the
additional benefit of qualitative interviews to investigate what
participants actually liked and where they focused while watch-
ing dance performances. In their research, they found that people
who enjoyed the dance performance gave answers that could be
classified into the categories “desire to move,” feeling a “con-
nection to the dancer” and “having an emotional response to
the performance.” Their findings highlight how quantitative and
qualitative research methods mutually inform one another and
pave the way for developing new insights in the perception of
dance.

Overall, the present study offers the next step to a better under-
standing of the influence of a spectator’s prior experience with a
movement on his or her aesthetic appraisal of that movement.
We found that physical dance training led to increased ratings of
enjoyment while watching dance. We have suggested several pos-
sible explanations for these results and how they inform earlier
work in this field. The present findings advance the field of neu-
roaesthetics by giving a better understanding of the relationship
between experience and the processing of stimuli (in this case,
actions) by a human observer. Furthermore, by communicating
this knowledge to the dance community and those involved in arts
policy, these findings have the potential to aid in the development
of arts outreach programs and new dance audiences. For instance,
the first step in getting spectators more interested in watching
dance might be to get them up and moving themselves.
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The purpose of the current article is to provide a comprehensive overview of the literature
offering a better understanding of the autonomic nervous system (ANS) correlates in
motor imagery (MI) and movement observation. These are two high brain functions
involving sensori-motor coupling, mediated by memory systems. How observing or
mentally rehearsing a movement affect ANS activity has not been extensively investigated.
The links between cognitive functions and ANS responses are not so obvious. We
will first describe the organization of the ANS whose main purposes are controlling
vital functions by maintaining the homeostasis of the organism and providing adaptive
responses when changes occur either in the external or internal milieu. We will then
review how scientific knowledge evolved, thus integrating recent findings related to
ANS functioning, and show how these are linked to mental functions. In turn, we will
describe how movement observation or MI may elicit physiological responses at the
peripheral level of the autonomic effectors, thus eliciting autonomic correlates to cognitive
activity. Key features of this paper are to draw a step-by step progression from the
understanding of ANS physiology to its relationships with high mental processes such as
movement observation or MI. We will further provide evidence that mental processes are
co-programmed both at the somatic and autonomic levels of the central nervous system
(CNS). We will thus detail how peripheral physiological responses may be analyzed to
provide objective evidence that MI is actually performed. The main perspective is thus to
consider that, during movement observation and MI, ANS activity is an objective witness
of mental processes.

Keywords: motor imagery, movement observation, autonomic nervous system activity

INTRODUCTION
This paper aims to address Autonomic Nervous System (ANS)
correlates of motor imagery (MI) and observation. More gener-
ally, we will focus on the more potential wide-ranging relation-
ships between ANS activity and mental processes, required to
perceive movement or to form a vivid mental representation of
this movement. First, readers may question the association of this
subpart of the nervous system with one of the highest human cog-
nitive abilities. Indeed, the main well-known role of the ANS is
to regulate vital functions of the organism (Appenzeller, 1990),
whereas the observation and the mental representation of an
action rely on cognitive brain functions (Jeannerod, 1997). The
overall activity of the ANS is maintaining the homeostasis of the
organism by adapting targeted physiological responses to both the
demands of the internal milieu (e.g., postural changes or physical
activity) and the changes in the environment (e.g., temperature,
altitude, and microgravity).

While observing an action is a bottom-up process leading to
perception, we define MI as a centrally controlled movement
representation without any associated overt action. Observing a
motor scene could thus lead to its mental representation and
help the recall of memorized information. MI is mainly based
on several sensory modalities, thus associating mentally evoked

information (exteroceptive and proprioceptive) to those stored
by the procedural long term memory (Decety and Grezes, 1999).
According to Kosslyn (1988), two classes of processes are used to
form mental images, ones that activate stored memories of the
appearances of parts and one that arrange parts into the proper
configuration.

Based on this first analysis, the question is “how could we
establish a functional relationship between ANS functioning and
the ability to observe and to mentally rehearse movements”? In
other words, how mental processes, without any associated con-
comitant movement, could elicit ANS responses? One of the
easiest ways to respond is to consider the preparation phase of an
action. Anticipated cardio-vascular and respiratory adaptations
are well-known physiological processes to face the forthcoming
expenditure of energy. At the same time, one should recall the
motor plan and adapt the execution parameters to the context in
which the movement will be performed, i.e., among others, pro-
gramming movement force, amplitude and direction (Paillard,
1982). We may hypothesize that, during this phase, we also
recall the expected feedback usually provided by actual move-
ment execution, both at the somesthetic (body sensations such
as tactile or proprioceptive information) and the environmen-
tal levels (the effect of movement upon physical environment).
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The idea developed by Grush (2004) is that in addition to simply
engaging with the body and environment, the brain constructs
neural circuits that act as models of the body and environment.
If we specifically go back to the issue of performing a voluntary
movement, we are in the presence of two seemingly decou-
pled processes, one quantitative aiming at providing energy for
muscles, and one qualitative, designed to adapt parameters of
movement execution to its goal (Näätänen, 1973).

Now, let us consider two different contexts within this prepara-
tion phase. In the first, the movement outcome is incidental, such
as a free throw basketball brand in any end game while the team
greatly leads. In the second case, the score is very tight and the suc-
cess of the shot can allow the player to reverse the result and get his
team in the lead. The same action within two different contexts
will probably generate two different patterns of ANS responses.
Thus, the ANS reacts not only when energy is required to perform
an action but also when emotional significance is associated with
the action. Therefore, there is a first link between physiological
responses from the ANS and mental processes, evidenced through
the implicit knowledge of action consequences in case of success
or failure. Such consequences may be considered because they can
be mentally evoked. From this preliminary observation we can
emphasize that each mental construct leading to the building of
motor representation should be associated with specific ANS pat-
terns (Decety et al., 1991; Decety, 1996; Guillot and Collet, 2005;
Collet et al., 2011).

Based on the classic designs of ANS physiology, we will then
describe how the scientific relations between mental processes
and the ANS were developed. More precisely, we aim to deci-
pher the reciprocal influence between mental processes, i.e., MI
and observation, and ANS activity. In particular, we will describe
the ANS responses associated with bottom-up processes (sensory
intake operations) and address this issue through the illustra-
tion of movement observation. The rejection operation rather
corresponds to MI as we could hypothesize the existence of a
top-down mechanism, based on the activation of the central
representation of movements stored by the procedural memory.
In turn, the activation of peripheral effectors during MI also
seems to be centrally controlled and we will address the issue
of simultaneous programming of somatic and vegetative effec-
tors by common central structures (Collet and Guillot, 2009,
2010). Therefore, we will demonstrate that the ANS correlates of
observation and MI offer better understanding of the main fea-
tures of movement representation. Among others, we will then
focus on cardiac and electrodermal activity (EDA) with the aim
to detail the main features of these physiological variables, eas-
ily recordable with unintrusive procedures. We will progressively
examine how mental functions may elicit physiological responses
at the peripheral level of the autonomic effectors and illustrate
our statements by several examples taken from different fields
of human activities, such as usual actions, sporting skills, or
motor recovery.

HOW THE AUTONOMIC NERVOUS SYSTEM FUNCTIONING
IS USUALLY DESCRIBED?
In this chapter, we will first review the traditional conceptions
related to ANS functioning and describe how the evolution of

knowledge has enabled the consideration of ANS activity as a
witness of cognitive processes. Early understanding about ANS
functioning helps to appreciate why ANS activity was discon-
nected from other functions than those ensuring the maintenance
of vital functions through homeostasis.

It is logical to consider that the control of vital parameters
is under automated processes, inaccessible to consciousness, and
that physiological variations associated with these vital functions
remain unrelated to high mental processes. The ANS is com-
posed of visceral afferent pathways, integration centers at the level
of the medulla, the brain stem, the hypothalamus and cerebral
cortices. The organization of the ANS describes different effer-
ent pathways subdivided into sympathetic, parasympathetic and
enteric branches (Appenzeller, 1990) responsible for regulating
internal organs function by nervous signals and neurotransmit-
ters releasing (McCorry, 2007). For example, the medulla has
been described as the source for basal vasomotor tone for over
100 years (Hilton, 1981). Efferent pathways target internal organs
and, in particular, the cardiac muscle, the smooth muscles, as
well as the exocrine and endocrine glands. An important point
which will be further developed is that these efferent pathways
also innerve the skin directly at the interface between the body
and the environment. The ANS is also made of afferent path-
ways, organized in two sub-systems, the oligosynaptic circuits
mediating reflex adaptation responses of the visceral systems, and
more complex circuits with projections to nuclei in the brain
stem and the brain. Information is collected at the level of inter-
nal organs and transmitted to the nervous structures which thus
receive feedback information from the periphery. For example,
the regulation of the heart and peripheral circulation is under
the control of centers in the medulla that receive descending
input from higher neural areas in the brain and afferent input
from mechanically and chemically sensitive receptors located
throughout the body (Mitchell and Victor, 1996). Taken together,
this basic view leads to a self-regulating system including cen-
ters of commands governing peripheral effectors and feedback
information regulating the original command. Functionally, the
ANS is made of two main sub-systems, the orthosympathetic
branch designed to mobilize energy to face emergency situations
(catabolic function), and the parasympathetic branch with the
opposite function, i.e., restoring and maintaining the resources
of the organism at a level compatible with life functions (anabolic
function)1. This organization is still valid in light of the advances
of modern physiology but remains objectionable for, at least, two
main reasons:

(1) From an anatomical viewpoint, and with reference to
Xavier Bichat (1802), the ANS remains considered a part of the
peripheral nervous system, despite well-identified centers within
the spinal cord, the brainstem, the diencephalon and cortical
areas (Loewy and Spyer, 1990; Saper, 2002). The two subdivi-
sions made to better understand the organization of the nervous
system led Bichat to artificially separate the continuous action of

1The enteric nervous system whose we previously referred to, consists of a
mesh-like system of neurons that governs the function of the gastrointestinal
system. It will not be described further here because the variables indicating
its activity cannot be measured by non-intrusive procedures.
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the part controlling “the organic life” (visceral) and the intermit-
tent action of the other controlling “the animal life” (somatic). In
other words, the will and the consciousness leading to voluntary
actions in relation with the environment are non-ambiguously
separated from self-regulating functions of energy supply, control
of energy spending and system maintenance.

(2) From a functional viewpoint, the ANS is designed to main-
tain constant the internal milieu by mean and opposing reciprocal
actions of the sympathetic and the parasympathetic branches
(Cannon, 1929). As traditionally described, the sympathetic sys-
tem has a chain of interconnected ganglia close to the spinal cord,
each specifically connecting pre-ganglion to post-ganglion fibers,
thus sending information to the target organs. Consequently, the
information was believed as being spread across the ganglia chain,
resulting in overall activation of the organism thus eliciting the
well-known sympathetic tone. Although this concept remains
valid and well-accepted (Calaresu and Yardley, 1988), we will later
see that this old conception must be qualified. The sympathetic
function has thus been described as serving the mobilization
of bodily resources, e.g., increasing cardiac and respiratory fre-
quencies facilitating oxygen uptake, routing blood from internal
organs to somatic muscles in case of movement preparation and
execution, thus providing supplementary energy to both brain
and muscles. Conversely, the parasympathetic branch function is
mainly anabolic and is likely to decrease demands in energy, e.g.,
bringing the heart rate to basal level2.
Hence, the two subsystems of the ANS have been described as
being functionally opposite but with complementary organiza-
tions, the action of one branch being reciprocally inhibited by
the other, depending on the energy supply for each vital func-
tion. ANS functioning was thus summarized as the collaboration
of two antagonist subsystems, leading to the image of equilib-
rium between the two and to the concept of sympatho-vagal
balance. Despite powerful clinical application in the field of sud-
den death prevention (cardiovascular risk stratification) through
the heart rate variability (HRV) analysis (Pieper and Hammill,
1995; Malliani and Montano, 2002; Montano et al., 2009), this
organization needs update.

NEW CONCEPTS IN NEUROVEGETATIVE PHYSIOLOGY
During the last 20 years of the XXth and the early years of the
XXIth century, advances in neurovegetative physiology led to
question the old conceptions related to ANS functioning. It is
not simply organized, i.e., only playing the role of a quantita-
tive system mobilizing energy to serve behavioral output. Two
fundamental notions have been more specifically highlighted and
discussed independently.

ABOUT THE SYMPATHETIC TONE
The well-accepted notion of sympathetic tone (Calaresu and
Yardley, 1988) was early questioned on by the teams of
Wallin (1981). They were probably among the first to develop

2The organization of the ANS is well described in textbooks of general
physiology. For a more detailed description, see Appenzeller (1990) “ The
autonomic Nervous System ”, pages 3 to 7, Figures 1–6 of Chapter 1 (Anatomy
and histology). See also Thayer et al. (2009) for an detailed description of the
relationships between central autonomic nervous system centers within the
brain.

a method enabling the recordings of sympathetic nerve activ-
ity targeted to the skeletal muscle vasculature with intra-neural
microelectrodes. This technique provided a powerful new tool to
study fundamental mechanisms of neuro-circulatory regulation
in conscious human participants. During the last three decades,
micro-neurographic studies have shed new light on the reflex
regulation of skeletal muscle sympathetic nerve activity by arte-
rial baroreceptors, arterial chemoreceptors, and cardiopulmonary
baroreceptors (Mitchell and Victor, 1996). Direct recordings of
the neural sympathetic activity showed specific responses with lit-
tle cross talk between ganglia. This finding was later confirmed by
Wallin and Fagius (1986) for the experimental article and Wallin
and Fagius (1988) for the review article, who found that mus-
cle endings are sensitive to variation in blood pressure while skin
endings remain silent. Conversely, the sympathetic endings inner-
vating the skin are very sensitive to mental stress, whereas those
innervating muscles are not. A series of experiments by Vissing
(1997) further provided evidence in support of a selective central
motor command, and demonstrated a highly dissociated pattern
of sympathetic activation to skin and skeletal muscle. This set
of results is in favor of separated subsystems within the sympa-
thetic organization, made of building blocks controlling specific
internal functions (Jänig, 1988). Jänig, McLachlan and Häbler
confirmed these first results and synthesized the main data within
a series of review papers between 1992 and 2003. Though the
sympathetic component of the ANS is widely concerned with the
body response to stress, they demonstrated that a range of neu-
roscientific techniques (including micro-neurography, see Vallbo
et al., 2004 for a review) revealed the specialized properties of the
functional pathways in the sympathetic system at molecular, cel-
lular and integrative levels (Jänig and McLachlan, 1992a,b; Jänig
and Häbler, 1999, 2003). Interestingly, these results confirmed
that ANS activity was specifically modulated by mental processes
such as mental stress (Vallbo et al., 2004). The emergency func-
tion of the ANS was thus incorporated into the general concept of
stress or arousal. For example, after stressing the participant with
a loud noise, direct measurements of muscle sympathetic nerve
activity showed a decrease of bursts. Skin sympathetic activity also
increased at the onset of static exercise before any rise in direct
measurements of muscle sympathetic nerve activity. Thus, dur-
ing experimental conditions different from rest (e.g., mental stress
and exercise), specific changes in sympathetic activity to selected
tissues (e.g., skin) occurred while there was no change at the level
of others (e.g., muscle). In addition, inter-individual differences
were reported in sympathetic responses to arousal (Halliwill et al.,
1997; Donadio et al., 2002) and to mental stress (Carter and Ray,
2009). The hypothesis of selective influence of sympathetic out-
flows was also shared by Kummer (1992), and more recently by
Morrison (2001). Let the concluding sentence to Vallbo et al.
(2004):

“The early views of the sympathetic nervous system as a mono-
lithic effector activated globally in situations requiring a rapid and
aggressive response to life-threatening danger have been eclipsed
by an organizational model featuring an extensive array of func-
tionally specific output channels that can be simultaneously acti-
vated or inhibited in combinations that result in the patterns of
autonomic activity supporting behavior”.
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In a series of original publications from 1995 to 2009, Porges
underlined that early conceptualization of the vagal function,
focused on an undifferentiated efferent pathways, was assumed
to modulate “tone” concurrently to several target organs (Porges,
2009).

THE VAGAL PATHWAYS
Interestingly, Porges reported how the internal organization of
the vagal pathways changed across phylogenetic transitions in the
vertebrates ANS. Specific changes in vagal pathways regulating the
heart occurred along the phylogenetic shift between reptiles and
mammals. At the neurological level, heart regulation shifted from
the dorsal motor nucleus of the vagus in reptiles to the nucleus
ambiguous in mammals, leading to two subsystems within the
main parasympathetic branch. The fibers originated from the
dorsal motor nucleus of the vagus are unmyelinated (dorsal vagal
complex) while those from the nucleus ambiguous are myelinated
(ventral vagal complex). Interestingly, the first subsystem is the
part of the vegetative vagal function per se, thus acting as a behav-
ioral moderator, while the second is mostly linked with more
attention processes, emotional reactivity and social communica-
tion (Porges, 2007a). Thus, Porges drew the same conclusion to
that we reported when describing the organization of sympathetic
pathways. The Porges’ polyvagal theory links the evolution of the
ANS to affective experience, emotional expression, facial gestures,
vocal communication, and social behavior. There is thus a clear
linkage between mental functions and the ANS (Porges, 1995a).

SYMPATHETIC AND PARASYMPATHETIC RELATIONSHIPS
Finally, Berntson et al. (1991) reported that the relationships
between the two ANS subsystems are more complex than the
principle of simple reciprocity. They showed that coupled reci-
procity is only one of eight possible “modes of autonomic con-
trol” that determine heart rate. As reported by Backs (1998), faster
heart rate could be elicited by multiple autonomic control modes,
e.g., reciprocal coupling, or other modes of autonomic control
such as uncoupled sympathetic activation or uncoupled parasym-
pathetic inhibition. We could also assume that autonomic activity
may change greatly even when heart rate does not vary across
tasks with non-reciprocally coupled control modes such as sym-
pathetic and parasympathetic co-activation or co-inhibition. For
example, Grossman et al. (1990) reported that mental arithmetic
elicited reciprocally coupled sympathetic activation and parasym-
pathetic inhibition, whereas negative emotion-induction elicited
sympathetic and parasympathetic co-activation, however with a
larger sympathetic than parasympathetic response. This inter-
esting approach to cardiac physiology and its relationships to
mental processes experienced a period of intense production in
the 1990’s and then gradually dried up. Methods to delineate
the respective contribution of each system were progressively ori-
ented toward more integrated and more sophisticated treatments
of cardiac activity, specifically HRV through temporal, frequential
(power spectrum) or non-linear analysis. HRV is the beat-to-
beat variability of heart rate and is under the main control of the
parasympathetic system as the sympathetic outflow on the heart
is too slow to elicit beat-to-beat changes (Jose and Collison, 1970).
HRV is probably the most used index to assess vagal activity. HRV

is sensitive to physical exercise and decreases with increased exer-
tion (Yamamoto et al., 1991). Interestingly, it has been shown that
HRV was also sensitive to mental load and, more generally, to
any kind of stressor (see Porges, 2007b; Thayer et al., 2009, 2012,
for extensive reviews). In this context, HRV has been related to
the activity of the prefrontal cortex (Lane et al., 2009), a set of
neural structures controlling cognitive performance. More pre-
cisely, the model of neurovisceral integration (Thayer and Lane,
2000; Thayer et al., 2009) details the pathways regulating the car-
diovascular system from the frontal cortex and describes how
these networks associating cortical, sub-cortical and limbic struc-
tures control cognitive performance and executive functions with
HRV as the main dependent variable. For example, the vagal
activity was indexed by and associated with the functioning of
selective attention under load by Park et al. (2013).

This issue was early hypothesized by Hugdahl (1996) who con-
cluded that Autonomic activity that accompanies attention, ori-
enting and learning has demonstrated that the ANS is not simply
a “non-cognitive” and automatic part of brain function thus link-
ing the study of mental processes to non-ambiguous and easily
measurable changes in ANS activity.

BOTTOM-UP AND TOP-DOWN MECHANISMS
One of the first experimental proofs of such a linkage proba-
bly originated from the early studies of the well-known orient-
ing response defined as the simultaneous response of both the
somatic and the ANS to specific stimuli. Appropriate sensory
receptors record specific properties of the stimulus which then
result in orienting the body into the direction where this stimu-
lus originated (bottom-up). Simultaneously to orienting behav-
ior, alertness increased, thus eliciting a sympathetic response,
e.g., increased heart rate or EDA. Both somatic and autonomic
activities thus attest that the individual perceived the stimu-
lus. Interestingly, Sokolov et al. (1963) associated the orienting
response to the representations of the world in memory thus
suggesting that the mental evocation of the same information
without its physical presence could generate the same physiologi-
cal responses (top-down). Due to its role in alertness, the ANS is
very sensitive to stimulus novelty which is better aimed at eliciting
strong ANS responses e.g., increased heart rate and blow pressure
(LeDoux, 2000), simultaneously with different bodily reactions
(“flight or fight” responses). Information to which the individ-
ual has often faced would obviously elicit weaker responses or
no response due to habituation (Bradley, 2009). If this informa-
tion is memorized, it is likely to be rapidly recognized during
observation by the perceptual function which directly compares
its actual features to those previously stored by memory during
past experiences. The next step is to consider that any memo-
rized information could be recalled in the absence of any overt
stimulus, i.e., mentally evoked as mental image. Finally, we may
hypothesize that any information mentally evoked could elicit
the same ANS activity than that elicited under actual condi-
tions, i.e., during the observation of actual information. The two
processes nevertheless differ as the first results from a bottom-
up process while the second further depends on a top-down
process. An intermediate phase would suggest that behavioral and
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physiological responses could be indirectly elicited by pre-cued
information. If the presentation of partial information could lead
to the recognition of the full information, thus observing pic-
tures or videos is likely to evoke the equivalent mental material
stored in memory thus helping the construction of mental repre-
sentation. The evocation of the movement by viewing the motor
scene would probably elicit the same mental state, and thus the
same physiological changes as those usually obtained when actu-
ally performing the action (Paccalin and Jeannerod, 2000; Bolliet
et al., 2005b).

HUMAN MENTAL PROCESSES AND THE AUTONOMIC
NERVOUS SYSTEM
At this stage, we assume that both external stimuli, e.g., observ-
ing somebody performing a motor sequence, and internal stimuli
like mentally rehearsing an action could elicit ANS responses. A
particular class of movements is that related to the activity of
face muscles when feeling an emotion or when observing some-
body feeling an emotion. These could be accompanied by motor
activity of the whole body depending upon the intensity of the
feeling.

EMOTION AND THE ANS
Ekman et al. (1983) early showed that heart rate increased when
professional actors observed faces miming each basic emotion
non-ambiguously. Specific increase in skin temperature was also
recorded when the actors mimed this emotion simultaneously
with the observation of an individual feeling anger. Direct record-
ings from postganglionic sympathetic axons innervating the skin
with intraneural microelectrodes confirmed that skin sympa-
thetic nerve activity increased with the observation of both pos-
itive and negative emotional images (Brown et al., 2012). The
observer can then mentally imagine somebody else feeling the
same emotion as that previously observed (external MI). He or
she can also imagine him (her) feeling this emotion (internal MI).
By applying this reasoning to human movement, we thus delin-
eate four mental processes likely to elicit simultaneous changes in
ANS activity:

(1) Observation of somebody actually performing a movement
or through a video scene (third-person perspective3).

(2) Observation of self in the process of performing an action
through a video (first-person perspective).

(3) Representation of somebody performing a movement with
previous stimulus induction (or not) with a video (third-
person perspective).

(4) Representation of self in the process of performing the same
motor sequence, without any external pre-cueing to help MI.
In this latter case, the mental image is self-triggered and
supposed to be associated with specific ANS responses.

3We previously referred to internal and external MI. It is also usual to distin-
guish between two MI perspectives, i.e., the spatial perspective from which
MI is performed. The first-person perspective is the representation as an
actor during which we imagine ourselves performing the movement. The
third-person perspective is the representation as a spectator during which we
imagine someone else or ourself performing the movement.

Many experimental findings indicate that the observation or
the mental representation of emotional events activate the ANS,
probably from the amygdala (LeDoux et al., 1988). The amyg-
dala’s lateral nucleus receives and integrates the sensory inputs
from sensory systems which relay in the thalamic and cortical
areas. The central nucleus provides the interface with motor sys-
tems controlling specific fear responses in various modalities,
including behavioral, autonomic, and endocrine responses. Thus,
observing or imagining emotionally significant objects or scenes
has identical bodily effects as actually seeing the same objects or
scenes. Lang et al. (1993) reported an increase in skin conduc-
tance, as well as in heart and breathing rates, when participants
viewed pictures of threatening objects. Interestingly, the same
changes occurred when the participants visualized these objects.
To add to this finding, Kosslyn et al. (1996) found that men-
tal images of aversive stimuli activated the anterior insula, one
of the major cortical sites controlling EDA and feedback from
the ANS, while Kreiman et al. (2000) recorded increased activ-
ity from single cells of the hippocampus, amygdala, enthorinal
cortex and parahippocampal gyrus when participants looked at
pictures or formed mental images of these pictures. Therefore,
some of the cells responding selectively when participants viewed
emotionally significant stimuli were also selectively active when
they were asked to imagine the same stimuli. Thus, imagery might
engage neural structures also involved in perception (for a more
exhaustive review, see Kosslyn et al., 2010). This statement is con-
gruent with clinical data, where parallel deficits in imagery and
perception were reported (Farah, 1984; De Vreese, 1991; Young
et al., 1994). In turn, these neural structures may affect peripheral
effectors of the body itself, e.g., heart rate or EDA modulation.

OBSERVATION, ATTENTION AND THE ANS
Paccalin and Jeannerod (2000) reported consistent changes dur-
ing two experiments where participants actually watched an actor
lifting a weight with increasing loads or a walking and run-
ning performance on a treadmill moving at increasing speed.
Accordingly, changes in respiration rate of the observer were pro-
portional to the effort made by the actor and followed the actor’s
running speed, especially during accelerated running. The res-
piration rate also increased linearly with the treadmill speed.
These results provided first evidence of ANS correlates during
the observation of a motor sequence. Bolliet et al. (2005b) then
compared two experimental conditions including the observa-
tion of a video sequence of oneself and that of somebody else
performing the same movement. While the observation elicited
ANS responses different from those recorded at rest, no differ-
ence emerged among ANS responses of actual movement execu-
tion, self-videotaped observation and video-taped observation of
somebody else performing the same movement. The same issue
was recently addressed by Brown et al. (2013) who requested
the participants to watch a first-person running video, i.e., view-
ing the action as if they had a camera on their own head. They
observed significant increases in heart rate, respiration rate, skin
blood flow and burst amplitude of muscle sympathetic nerve
activity by comparison with baseline. They did not, however,
compare the first-person to the third-person perspective. It could
be hypothesized that watching a first-person could lead to more
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engaged observation that watching a video from a third perspec-
tive and therefore evoke stronger ANS activity. Nevertheless, both
studies by Bolliet et al. (2005b) and Brown et al. (2013) bring a
first argument showing that perception, observation and action
share common mental processes (Jeannerod, 2001). Decety et al.
(1991) early evidenced that self-representation of walking was
subjected to elicit ANS responses. Heart rate and pulmonary ven-
tilation covaried with the degree of mental effort, during the
mental simulation of locomotion. This was further confirmed by
Papadelis et al. (2007) who revealed that heart rate and respira-
tory frequency significantly increased during imagery sessions as
compared to rest. As a whole, these data suggest that the cognitive
processes activated during movement execution are involved to
the same extent during movement observation and MI, whatever
the experimental condition. Another interesting issue is that the
ANS responses were proportional to the mental effort. It was gen-
erally weaker when the observed movement was performed with
low intensity compared to high intensity. For example, lifting a
load of about 50% of own best mark elicited smaller and shorter
ANS responses than when lifting a load of 90% of own best mark.

Observation seems obviously linked to attention since we must
orient our sensory systems (in particular the visual system) in
the direction of information of particular interest and then focus
our attention while inhibiting concurrent activities which may be
seen as distractors. Rizzolatti et al. (1987) early linked the orient-
ing of attention with ocular movements programming, i.e., the
attention needed to observe a given event is adequately oriented
when the oculomotor program for moving gaze toward this event
is ready to be executed. Publications focusing on central corre-
lates of motor observation have been a resounding success since
the discovery of mirror neurons by Rizzolatti et al. (1996). Many
articles have been added to the first data from the years 2000
and more than one hundred review papers have been published
since the first review by Rizzolatti et al. (1999). More precisely,
the ventrolateral premotor cortex and the anterior part of the
intraparietal sulcus are strongly activated during the observation
of actions in humans (Manthey et al., 2003). Another inter-
esting issue deals with the role of the ventral premotor cortex
responding to the observation of mouth actions in language com-
prehension and hand movements associated with language. This
is due to the fact that Broca’s area, mediating language production
and comprehension in the dominant cerebral hemisphere over-
laps, in part, with the human ventral premotor cortex (Binkofski
and Buccino, 2006). Therefore, the observation of actions per-
formed with the hands and the mouth both activate the ventral
premotor cortex and Broca’s area. Functionally this complex net-
work is probably involved in polymodal action processing. This
execution—observation matching system is a part of polymodal
action recognition system, associated with language processing,
thus facilitating communication among humans through verbal
and motor messages (see Fiebach and Schubotz, 2006, for a more
extensive review of the functional contribution of the ventral
premotor cortex and adjacent Broca’s area to perceptual, cogni-
tive and motor processing). This redundancy within the central
nervous system (CNS) is likely to favor clear and unambiguous
communication among peers of the same species. Thus, this cen-
tral organization should be paralleled by peripheral activity both

at the level of the somatic (facial expressions and general body
language) and the ANS (variations of heart and respiratory rates,
selective vasoconstriction or vasodilatation).

As previously mentioned, these mental processes are likely to
elicit the same ANS activity as during actual behavior. This nev-
ertheless remains a working hypothesis which should be tested
by specific experimental paradigms. As the observation of move-
ments was early shown to modulate premotor cortex activation
(Rizzolatti et al., 1996; Manthey et al., 2003), we could infer that
physiological activity should be recorded at the level of autonomic
effectors. We could nevertheless hypothesize that these responses
should be related to the significance attributed to the observed
actions. In the first experiments on monkeys by Rizzolatti et al.
(1996), the observation of usual daily activities (observation a
peer grasping food, then bringing it to mouth) triggered the
activity of the rostral part of monkey ventral premotor cortex
(area F5). Interestingly the authors also observed that F5 area
remained silent when the food was handled and grasped with
a tool whose function was unknown by the monkey. Therefore,
the activity of this area is also linked to the meaning attributed
to the observed action. Manthey et al. (2003) further underlined
that neural activity within this area was also modulated when
observing erroneous and senseless actions. While the purpose of
this paper was to distinguish brain activations corresponding to
the analysis of movements from those related to objects during
the observation of actions, we could nevertheless underline that
neural activity varies when the observed action makes sense or
not, or when the action is not well goal-directed. Several work-
ing hypotheses could be drawn considering ANS responses that
we might expect to correlate to movement observation, taking its
meaning into account. The observation of a movement making
no sense would then elicit a strong ANS response correspond-
ing to general alertness which would nevertheless be highly and
quickly sensitive to habituation. On the other hand, the observa-
tion of a movement stored in memory would elicit longer ANS
responses duration due to the time needed for action recogni-
tion and its emotional significance. Autonomic markers of action
observation thus need further experimental investigations to be
better described and understood.

Contrasting with the proliferation of work about the CNS cor-
relates in movement observation, articles dealing with the ANS
correlates have been limited and did not receive much attention
from the scientific community. Observation is probably based on
a process connecting the observed movement onto an internal
model of the same movement that could then make the partic-
ipant simulating that action (Iacoboni et al., 1999). In turn, a
simulated action can elicit perceptual activity which resembles the
activity that would have occurred if the action had actually been
performed (Hesslow, 2002). According to Nyberg et al. (2000),
different perceptual activities can elicit perceptual simulations,
including observation due to its ability to emulate mental repre-
sentation of movement simultaneously with its observation (see
also Macuga and Frey, 2012). With reference to these theoreti-
cal and empirical contributions, we may conclude that percep-
tion, observation and mental representation share many common
mental processes mainly based upon sensorial perception and
information stored by the memory systems (Jeannerod, 2001).
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As far as motor action is considered, MI should elicit the
same central and autonomic activities as those recorded when
the movement is actually performed. There are many examples
of central activations by MI in the scientific literature (for review,
see Guillot et al., 2012). Ehrsson et al. (2003) nicely showed how
MI of voluntary movements of several body segments activated
the corresponding body-part-specific motor representations (see
also Michelon et al., 2006; Szameitat et al., 2007a,b). Comparing
brain activations of actual and imagined movements leads to
better understand the process of forming mental representa-
tions (Among others, see Hanakawa et al., 2003, 2008; Lotze
and Halsband, 2006; Munzert et al., 2009). Meister et al. (2004)
reported that actually and mentally playing music on a silent key-
board yielded similar activation of the fronto-parietal network.
The matching of brain activation during actual execution and MI
is a reliable mean to evaluate the quality of mental representa-
tion (Lebon et al., 2012). These data provide arguments in favor
of the functional equivalence between a movement and its mental
representation (Jeannerod, 1994; Grezes and Decety, 2001).

THE AUTONOMIC NERVOUS SYSTEM: A WITNESS OF
MOVEMENT OBSERVATION AND MI
MI is usually defined as a dynamic mental state during which
the representation of a given motor act is internally rehearsed
in working memory without any overt motor output (Decety,
1996). MI is born from self-mental activity and anyone can gen-
erate a mental image by recalling any motor program stored by
procedural memory. Unlike observation, MI originates from an
internal model, resulting from mental operations of generating
sequential actions without any overt movement 4 (Wolpert and
Flanagan, 2001; Davidson and Wolpert, 2005). Thus, the men-
tal image is self-formed and the individual does not necessarily
need any external information to generate the representation of
an action, i.e., a kind of pre-cueing which could help its construc-
tion. More precisely, MI is a mental construct, “a class of images
of one’s own bodily movements which are used to simulate or plan
for subsequent action” (Stevens, 2005). Therefore, defining MI in
these terms underlines the close relationship between movement
representation and motor preparation and prefigures the links
that could be established between MI and ANS activity. As pre-
viously described, the CNS prepares the motor command while
the ANS provides the metabolic resources necessary for its execu-
tion (Mogenson, 1977). Motor skills require being planned and
programmed before the actualization of these operations leads to
motor commands and actual execution (Paillard, 1982). If this is
an obvious function of the CNS, motor preparation also involves
the ANS for providing resources in energy that makes movement
execution possible.

A SPECIFIC INDEX OF THE SYMPATHETIC SYSTEM: ELECTRODERMAL
ACTIVITY
Among others, EDA was early believed as being closely related
to mental states. EDA is one of the oldest physiological indices,

4A clinical case study showed that brain injury has removed the dissociation
between actual performance and mental representation, the patient being no
longer capable to inhibit the execution of the movement he was imagining
(Schwoebel et al., 2002).

early recorded at the end of the XIXth century. Féré (1888) and
Tarchanoff (1890) believed that EDA was likely to provide infor-
mation about mental states. Measuring skin conductance or skin
resistance (one being the reverse of the other) is of particular
interest since EDA variations result from the activity of the eccrine
sweat glands which are only controlled by sympathetic endings
through acetylcholine release (Shields et al., 1987). The innerva-
tion of sweat glands is thus an exception to the principle of dual
innervations. There is no parasympathetic command to sweat
glands, certainly because stopping sweating simply occurs when
the sympathetic command stops itself. Interestingly, EDA is a
direct witness of sympathetic action through sweat release, mainly
at the level of palmar and plantar surfaces. Thus, EDA reflects the
general arousal of an organism and changes in arousal in response
to emotionally significant stimuli from both the individual him
(her)self or from the environment. Increased arousal is correlated
with skin conductance 5 increase or skin resistance decrease and
is paralleled by cardiovascular changes, e.g., increases in heart
rate and blood pressure, decrease in HRV. All these physiological
changes give evidence of energy mobilization for the preparation
of movement execution.

Motor preparation and movement execution are generally
associated with EDA increase (Critchley, 2002). These motor-
related autonomic responses are mediated, in part, by commands
from the CNS, which make the sympathetic arousal varying,
according to information significance. As early supposed by
Edelberg (1972), results by Vissing et al. (1991), Vissing and
Hjortsø (1996), and Vissing (1997) confirmed that sympathetic
activation of skin is predominantly influenced by central motor
commands (Figure 1). By recording sympathetic nerve activ-
ity with microelectrodes placed selectively in skin and muscles
during isometric hand contractions, they reported that:

(1) Static exercise markedly increases sympathetic outflow to
skin as well as to skeletal muscle.

(2) The increase in skin sympathetic nerve activity, unlike muscle
sympathetic nerve activity, appears to be caused mainly by
central command rather than by muscle afferent reflexes.

(3) This sympathetic activation of the skin appears to be targeted
both to sweat glands and vascular smooth muscle.

At the anatomical level, we thus have several proofs of connection
between the CNS and the ANS during the execution of voluntary
movements. At the functional level, somatic motor commands
are paralleled by a series of autonomic commands targeting skin
effectors, i.e., sweat glands and smooth muscles of blood vessels.
The resulting effect was to elicit EDA as well as skin blood flow
decrease due to skin blood vessels constriction. Thus, EDA may
be seen as a sensitive psychophysiological index of changes in
autonomic sympathetic arousal that are integrated with sensory-
motor, emotional and cognitive states. As previously described,
EDA correlates of actual motor command should also be elicited
when a motor sequence is simply observed or mentally evoked,
i.e., when the participant visualizes the sequences of movements

5Without specific information, we refer to skin conductance as an index of
electrodermal activity.
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FIGURE 1 | Illustrative recording from a participant showing a 2-min
sequence of static handgrip at 30% maximal voluntary contraction
[Adapted with permission from Vissing et al. (1991), Circulation
Research]. Muscle and skin sympathetic nerve activity are recorded from
left and right peroneal nerves. Static handgrip markedly increased both skin
and muscle sympathetic nerve activity. However, skin ANS increased
rapidly and anticipated the onset of handgrip, whereas muscle ANS
increased much more slowly with a latency of almost 1 min from the onset
of handgrip to the onset of sympathetic activation.

and/or perceives the corresponding body sensations usually. For
instance, Oishi et al. (2000) and Oishi and Maeshima (2004)
reported a significant decrease in skin resistance associated with
increase in heart and respiration rates as early as participants
started a MI session, compared to the control condition.

The ANS has features that make this system the natural “first
principle” from which initiation of action can arise (Peters, 2000).
To give proofs to this assumption, we will first describe how ANS
activity is analysed to differentiate a mental state from rest, on the
one hand (Falk et al., 2010), and to detect motion execution with
a distinction among several movements, on the other (Marchal-
Crespo et al., 2013). In the first experiment, Falk et al. (2010)
recorded several ANS variables (EDA, skin temperature, heart rate
and respiration rate) then processed with hidden Markov mod-
els6 to automatically detect whether a participant was subjected to
perform music imagery as opposed to rest. In the second exper-
iment, Marchal-Crespo et al. (2013) aimed at detecting motion
execution by monitoring ANS responses. They first selected a
series of four ANS variables which were also processed with the
hidden Markov models. The participants were requested to per-
form several discrete isometric pinching sequences with the aim
to detect the pinching periods from rest. Movement execution
was accurately classified and separated from rest on the basis of
peripheral autonomic signals. Accuracy, sensitivity and specificity

6Hidden Markov Models are used for temporal pattern recognition due
to their ability to classify time-sequential data, such as the time-varying
physiological signals.

reached level of significance. This methodology gives promising
evidence for further research on the use of the ANS response in
body-machine interfaces.

ANS RECORDINGS AND BRAIN-COMPUTER INTERFACE
When severe and multiple disabilities of the somatic part of
the nervous system do not allow individuals to have an access
pathway to interface with their environment, controlling the self-
regulation of central signals of the ANS may provide a reliable
substitute. Peripheral ANS signals can be voluntarily triggered
and associated with a brain interface, thus having the poten-
tial to be used as an access pathway by the target population
(Blain et al., 2008). Body-machine interface may help people suf-
fering from neurological injuries to assist the movement they
cannot achieve by themselves. Central signals from MI activity
as well as their peripheral correlates, in the form of a set of ANS
responses, may be associated to allow participants attempting to
trigger robotic assistance. In turn, active assisted exercise provides
novel somatosensory stimulation that can help induce brain plas-
ticity (for reviews, see Dobkin, 1993; Rossini and Pauri, 2000;
Rossini and Dal Forno, 2004; Dunlop, 2008). Brain-computer
interfaces could be designed to control robotic devices which may
help to move the impaired limb with the condition that either
an intention to move is detected from cortical activity. The phys-
iological change associated with the intention to move should
be emphasized if this signal is associated with additional corti-
cal activity generated by MI. Finally, both signals from the CNS
system could be linked to peripheral ANS responses these are
likely to elicit. Thus, the feasibility of a body-machine interface
aimed at detecting motion execution may rely on monitoring
the ANS response, an easy and unintrusive method to detect
physiological signs from the will. The question of whether spe-
cific physiological signs (such as electrodermal responses) are
reliable remains open as these can be severely impaired in the
event of spinal cord injury, for example. The spinal cord iso-
lated from the brain stem has less or no potential to generate
electrodermal responses, as supraspinal connections are neces-
sary for this. More precisely, the integrity of central sympathetic
pathways of the upper thoracic segments is required for palmar
electrodermal responses and possibly all thoracic segments for
plantar electrodermal responses (Yokota et al., 1991; Cariga et al.,
2002). If the electrodermal responses are too different due to the
variability of spinal cord lesions, the control of a brain-machine
interface would be too random. This means that associating sev-
eral physiological signs together would be necessary to ensure
the reliability of a brain-machine interface, this reliability being
based on the complementarity and redundancy of the physiolog-
ical signs. There is an important field of research to explore for
years to come7.

ANS RECORDINGS AND PHYSICAL PRACTICE
Whether ANS responses could be used to evaluate the peripheral
correlates of observation or MI has specifically been questioned in

7See the publication by Vogt et al. (this special issue), highlighting the growing
number of publications on the control of brain-machine interfaces by mental
processes such as motor imagery.
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the field of sport training and motor rehabilitation. First, the aim
was to integrate mental practice to improve motor performance,
without any additional physical load.

During the preparation phase of closed skills8, the participant
is likely to mentally rehearse the motor sequence he (she) will per-
form within the forthcoming seconds. This period is favorable for
studying autonomic correlates of MI. In a study involving elite
air-rifle shooters, Deschaumes-Molinaro et al. (1992) showed
that the concentration phase before shooting elicited autonomic
responses very close to those recorded during the forthcom-
ing actual shooting phase. The almost identical nature of ANS
responses during the concentration and the actual shooting peri-
ods provided evidence that elite shooters recalled memorized rou-
tines of shooting by imagining the forthcoming motor sequences
through a top-down process, with the aim to better control the
forthcoming execution stages. Interestingly, shooting accuracy
was better when ANS activity during the concentration period
was close to that recorded during actual shooting (Deschaumes-
Molinaro et al., 1991). As a consequence, ANS responses were an
important factor of final motor performance and could be used
to control mental rehearsal during training sessions.

Tremayne and Barry (2001) recorded electrodermal and car-
diac activities during the preparation phase of elite pistol shoot-
ers. EDA varied as a function of arousal before shooting, attesting
the regulation of energy exertion to specific task requirements.
Another interesting result is that the pre-shot electrodermal levels
were lower for the best performances, as compared with the worst
shots. These variations in EDA were paralleled by a pre-shot car-
diac deceleration which was longer and more systematic for best
than poor shots. As previously mentioned (Porges, 1995b), car-
diac deceleration has clearly been linked with attention processes
(for review, see Jennings and Van Der Molen, 2005; Bradley, 2009;
Thayer et al., 2009). These critical findings underline that reli-
able information is obtained from the ANS activity, the first being
related to variations of arousal, and the second associated with
more qualitative processes such as focusing attention (Näätänen,
1973). Skin conductance tonic level is a good index of arousal
level and changes in arousal. Skin conductance response (SCR)
corresponds to a rapid time-varying response, i.e., phasic activ-
ity, usually recorded in response to various stimuli, either from
the environment or directly self-triggered by the participant him
(her) self who can evoke mentally a movement. The preparation
phase is aimed at adjusting tonic level to be aroused adequately,
thus enabling to anticipate and process any information needed
to perform well. SCR is elicited by each mental evocation of a
movement and its duration is highly correlated to the duration
of mental representation.

The fact that MI could elicit tonic changes attesting to vari-
ations in arousal may be generalized to any motor sequence.
This was evidenced in a usual motor activity like walking. Decety
et al. (1991) measured cardiac and respiratory activity during
actual and mental locomotion as a function of increasing speeds.
Wuyam et al. (1995) also studied locomotion on a treadmill to

8Closed skills occur in a stable environment without uncertainty and con-
frontation with the opponent is indirectly made. Open skills present reverse
features.

examine whether MI influenced respiration rate. In both exper-
iments, heart rate and respiratory frequency increased propor-
tionately with the mental effort of the imagery experience. Fusi
et al. (2005) also confirmed that imagined walking led to a sig-
nificant, albeit small (less than 10%), increase in ventilation and
oxygen consumption, and to larger increases (up to 40%) in res-
piratory rate, which was paralleled by a non-significant trend
toward a decline of tidal volume. Heart rate and respiratory fre-
quency served at evaluating the mental effort attached to the MI
of swimming over a distance of 100 m (Beyer et al., 1990). Both
heart rate and respiratory frequency increased during the MI ses-
sion as compared to the control condition, i.e., rest. As previously
stated, ANS activity associated with MI is generally weaker than
that observed during preparation to actual execution. Decety et al.
(1991) provided evidence that the degree of autonomic activation
of a subject mentally running at 12 km/h was comparable to that
of a subject actually walking at 5 km/h. This gives some validity to
the hypothesis we previously stated that the vegetative activity was
attenuated in response to imagined movements by comparison to
that recorded during the corresponding actual exercise. Overall,
based on theoretical background related to CNS organization and
on experiments with ANS data recordings, there is now ample
evidence of the close link between mental processes and ANS
activity. Bolliet et al. (2005a) showed strong and rapid tonic heart
rate variations in a group of elite weightlifters when they were
requested to imagine lifting a bar. They recorded similar phys-
iological patterns during imagined as during actual movement,
although to a lesser extent by comparison with actual lifting, as
previously underlined. Heart rate nevertheless increased by about
a mean of 30% as early as weightlifters imagined being called by
the referee for lifting. Interestingly, changes in skin conductance
paralleled those of heart rate. Skin conductance increased dur-
ing the same preparation period and was also seen as an index of
increased arousal. Autonomic correlates in imagined movements
were also reported by Wang and Morgan (1992) in the same type
of task (imagining lifting dumbbells), albeit with different auto-
nomic indicators, as respiration rate and systolic blood pressure
increased by comparison to the control condition. Finally, two
studies (Oishi et al., 2000; Oishi and Maeshima, 2004) drew the
same conclusion and underlined larger changes in heart rate and
respiration. They also provided evidence of the sensitivity of EDA,
although this variable is less-used than those from the cardio-
respiratory function. Oishi et al. (2000) elected a 500 m speed
skating sprint sequence and compared ANS correlates of MI to
those associated with another mental effort, e.g., mental arith-
metic, and control (rest). They reported a significant decrease
of skin resistance associated with increased heart and respiration
rates during both MI and mental arithmetic when compared to
rest. Skin resistance respectively decreased during MI and mental
arithmetic by about 45 and 40%, with no significant difference
between both conditions. Heart rate increased significantly above
control values in MI (44.3%) and mental arithmetic (10.3%)
with, however, smaller increase during mental arithmetic. They
finally observed the same response patterns for respiratory rate.
Oishi and Maeshima (2004) compared two performance levels
(elite and novice speed skaters) and found larger changes in
heart rate and respiration in the elite speed skaters group. They
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also compared motoneurons excitability (soleus H-reflex) during
MI and reported decreased motoneurons excitability in the elite
skaters group, in contrast to the non-elite athletes. The authors
linked autonomic and somatic changes to the effects of cen-
tral motor programming, as we previously hypothesized. They
finally suggested that the descending neural mechanisms reduc-
ing motoneurons excitability were activated when vivid MI was
internally performed.

THE COPROGRAMMATION OF MOVEMENT BY THE CNS AND THE ANS
As a matter of fact, executive functions might result from pro-
gramming motor commands at both somatic and autonomic
levels of the CNS (Thayer et al., 2009), and is therefore co-
programmed, as previously suggested by Mogenson (1977).
Consequently, MI can be the first stage of movement since prepar-
ing the execution can include mental sequences during which
several parts of the movement or even the entire motor sequence
may be rehearsed. It was thus postulated that MI enabled con-
scious access to the infra-conscious operations of motor prepa-
ration (Jeannerod, 1994, 1995), and positively impacted motor
learning (Jackson et al., 2001). The first effect of MI is to make
the ANS mobilizing energy as if the movement would actually be
performed. Thill et al. (1997) explained the beneficial effects of
MI in terms of central programming structures capable of antic-
ipating the metabolic demands of the task. Hence, distinguishing
between movement preparation and mental representation of
this movement would be difficult, when considering ANS activ-
ity. MI is nevertheless believed at eliciting weaker and shorter
ANS activity by comparison to movement preparation for actual
execution.

To sum, the activation of autonomic effectors during mental
simulation of voluntary movements may originate from motor
anticipation of energy consumed by the organism (preparation
or anticipation of actual exercise, see Thill et al., 1997) and from
the central motor operations of planning/programming occur-
ring before the motor command is sent to peripheral effectors
through descending motor pathways (action selection and motor
adaptation to the environmental context). Interestingly, we may
nevertheless underline that the somatic motor commands are
inhibited, at least partially during MI (for a review, see Guillot
et al., 2012) while those targeting the autonomic effectors are not,
although ANS responses are of lower amplitude and shorter dura-
tion than those generally observed during the actual movement.
There are thus potential structural and functional dissociations
among the efferent systems within this co-programming process
(for review, see Collet and Guillot, 2009, 2010).

OUTCOMES THAT COULD BE QUESTIONED
Several contributions have recently questioned these results.
Mulder et al. (2005) recorded EMG activity, heart rate and breath-
ing while participants observed or imagined performing squat
leg with a 12.5 kg load in each hand. With the exception of
respiratory rate, they found no other evidence of ANS corre-
lates in mental processes since variations were comparable to
the control condition during both observing and imaging. In
particular, heart rate did not significantly change during move-
ment observation. An important issue is that both experimental

conditions, i.e., observation and MI did not elicit cardiac changes.
Paccalin and Jeannerod (2000) drew the same conclusion since
observing a model performing weightlifting movements did not
lead to changes in heart rate whereas breathing increased signif-
icantly. As stated by the authors themselves, they had no direct
explanation for this dissociation between heart rate and respi-
ration. In contrast, several other studies reported an increase in
heart rate during the observation (Brown et al., 2013) or the
mental representation of effortful action (Papadelis et al., 2007).
Self-imaging running on a treadmill at different speeds made the
heart rate increasing, although to a lesser extent than changes
in the respiratory function (Decety et al., 1991). While Wuyam
et al. (1995) did not evidence any significant change in heart
rate compared to rest during the mental simulation of running
by trained athletes, respiration rate and total ventilation signif-
icantly increased. Interestingly, Mulder et al. (2005) deepened
their interpretation and suggested possible arguments explain-
ing why heart rate remained unchanged whereas respiratory rate
was. They hypothesized that the global analysis of heart rate activ-
ity lacked sensitivity to detect more subtle changes related to
MI and observation. With a reference to Althaus et al. (1998),
they indicated that HRV would probably be more sensitive in
detecting slight changes in heart activity. We recently proposed
to integrate several ANS correlates of MI in an index designed
to evaluate individual abilities to form mental representations
of movements (Collet et al., 2011). Among them, we described
how respiratory sinus arrhythmia was likely to represent the men-
tal effort required by movement visualization. Although mental
effort might objectively cause increased heart rate, changes in the
heart associated with MI might better correspond to a change
in the pattern of the cardiac signal, by reducing arrhythmia, for
example (Grossman et al., 1990). We know that focused atten-
tion reduces the differences between higher and lower values of
the cardiac signal, i.e., HRV (Porges, 2007b). This is what might
happen during MI without changing basal heart rate. Another
working hypothesis could also rely on opposite changes in heart
rate due to simultaneous requirements of the intensitive and
directional functions. In other words, the mental effort during
MI could have a stimulatory effect on heart rate due to sympa-
thetic nervous system activation (intensitive function) and, at the
same time, a moderating effect on heart rate through the solitary
and ambiguous nuclei of the vagal system (directional function
controlling focused attention). As previously described by Backs
(1998) this could correspond to a co-activation of both the sym-
pathetic and the vagal systems, leading to unchanged heart rate
but to reduced sinus arrhythmia.

A remaining question relates on respiratory frequency and this
issue was addressed by Paccalin and Jeannerod (2000) and Mulder
et al. (2005). While increase in respiratory frequency may be
attributable to action observation and MI of the same action, an
alternative hypothesis may also be considered. Changes in breath-
ing may be attributable to non-specific factors rather than the
content of the visual effortful scene itself. Mulder et al. (2005)
supposed a kind of contamination due to the fact that respira-
tion features were directly observable from the model. In other
words, the participants could see and hear the respiration rhythm
of the observed model and then match their own respiratory
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frequency with it. This relies to well-known mimic behaviors
occurring automatically in the presence of other individuals, for
example, the timing of our walking pace with that of the per-
son walking next to us. According to Rizzolatti and Craighero
(2004), observing an action made by another person leads to
activity in the motor system of the observer which is comparable
to that occurring when the observed action is actually performed.
Respiration has several features which may be easily observed and
perceived through the visual and auditory systems. Observing a
model during effortful action may thus lead our own respiration
rate to mirror the rhythm of that observed. Thus, the main issue
to be addressed is whether changes in respiration features of the
observer could be due to a contamination phenomenon or related
to the own characteristics of the visual displaying movements.
Results by Paccalin and Jeannerod (2000) brought significance to
the second hypothesis. First, respiration rate is sensitive to intake
and rejection situations. For example, respiration rate decreases
during relaxation, when the individual is focused on his(her) own
activity (rejection task and top-down process) whereas it is likely
to increase in case of processing information from outside (intake
task and bottom-up process). The key argument for associating
ANS changes to the observed scene is to demonstrate that respira-
tion is influenced by the intensity of the observed effort. Paccalin
and Jeannerod (2000) reported that respiration rate was higher
when the participants observed an actor walking at high speed by
comparison to low speed. Additionally, they found a linear rela-
tionship between respiration rate and the running speed of the
actor, when the observed sequence was a constant acceleration
from 0 to 10 km/h.

More recently, the existence of potential correlations between
mental activity and ANS activity was also questioned by
Demougeot et al. (2009). The authors claimed that discrete and
effortful imagined movements do not specifically activate the
ANS. They took cardiac activity and blood pressure as depen-
dent variables potentially influenced by MI of trunk, legs and
wrist movements. Acknowledging that MI of cyclical movements
is likely to generate intense autonomic activity, their aim was
to test whether the same conclusion could be drawn for dis-
crete and intense movements. The authors reported increased
cardiac activity and blood pressure during MI of trunk and legs
but not during MI of wrist movement. While actual trunk and
leg movements resulted in different physiological reactions due
to orthostatic hypotension phenomenon, MI of the same motor
sequences elicited similar physiological response. More than 89%
of the trials made arterial pressure and heart rate increasing
during MI, thus suggesting that ANS activation was a consis-
tent phenomenon, observed in most participants. Due to the
orthostatic hypotension, heart rate was significantly greater dur-
ing trunk than leg movements. Conversely, heart rate increased
to a similar extent during MI of both trunk and leg move-
ments. Moreover, actual trunk movements decreased arterial
pressure due to central blood volume displacement toward the
legs, whereas the reverse phenomenon was found for leg move-
ments, i.e., increase in arterial pressure due to the opposite central
blood volume displacement. Demougeot et al. (2009) concluded
that if such a specific anticipatory mechanism exists during imag-
ined actions, a differential effect of trunk and leg movements on

arterial pressure would be expected, but this was not the case.
Combining this result with the fact that no physiological acti-
vation occurred during MI of horizontal wrist displacements,
the authors concluded to non-specific ANS activity during MI.
There are however several shortcomings with such interpretation.
Firstly, orthostatic hypotension is caused by gravity during pos-
tural changes, especially when going from lying down to standing
(Ichinose and Nishiyasu, 2012). When the body position varies,
several actions occur involving all parts of the cardio-vascular
system as well as the ANS that helps to regulate their function.
Orthostatic hypotension is compensated by feedback processes,
mainly from the baroreceptors. Peripheral vasoconstriction and
increased heart rate are the major cardio-vascular adjustments to
orthostatic stress and include part of the reflex response elicited
via the carotid sinus, the aortic baroreceptors (arterial barore-
flex) and cardiopulmonary stretch receptors (cardio-pulmonary
baroreflex). Brainstem ANS centers are thus informed about
blood pressure and compensate for its decrease by modulat-
ing cardiac activity (increase in heart rate and stroke volume)
and peripheral vascular resistance (vasoconstriction) through the
sympathetic branch. Such compensatory processes adjust blood
pressure from feedback which could not be anticipated by cen-
tral control. Therefore, it seems obvious that similar response
from MI sequence could not occur and parallel those observed
during actual trunk movement eliciting orthostatic hypotension.
Ichinose et al. (2004) and Kamiya et al. (2005) suggested that
the upward resetting of arterial baroreflex control in response
to orthostatic stress facilitates the activation of sympathetic
nerve activity, thereby contributing to the prevention of postu-
ral hypotension. Muscle sympathetic nerve activity progressively
increases in response to increasing orthostatic stress through the
gradual upward resetting of arterial baroreflex control. Although
this mechanism is aimed at preventing orthostatic hypotension,
this is not an anticipated process. We must acknowledge that in
the particular case of ANS modulations of vital parameters (e.g.,
maintaining blood pressure within values remaining compatible
with vital functions) ANS activity during MI becomes decoupled
from that occurring during actual movement. This does not mean
that ANS correlates of MI are not specific. A second issue which
should be addressed from Demougeot et al. (2009) is related
to the absence of ANS activity during MI of wrist movement.
Movements involving only a part of a body segment are proba-
bly less likely to elicit ANS responses than those requiring whole
body actions. Cardio-vascular modulations should probably be of
very limited amplitude in this case, thus remaining undetectable.
The sensitivity limits of the measuring instruments could also be
reached and the response associated with MI could be masked
by the general cardiac function, especially if the observation time
is very short, such as during flexion-extension of the wrist. This
time-window was probably too low, especially for identifying
changes in blood pressure, whose variations are of higher inertia
than those from EDA. Finally, in the absence of specific purpose,
we should also question the aim the participants were able to
assign to successive wrist flexion and extension, which are not
goal-directed movements. Since ANS responses are strongly asso-
ciated with the emotional significance of the action, we probably
have to gain by focusing on goal-directed movement, with the

Frontiers in Human Neuroscience www.frontiersin.org July 2013 | Volume 7 | Article 415 | 131

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Collet et al. Motor imagery, observation and ANS

aim to increase the likelihood of recording specific autonomic
responses.

AUTONOMIC NERVOUS SYSTEM RESPONSES PATTERN
SPECIFICITY DURING OBSERVATION AND MI
As we have just seen, one of the main concerns related to ANS
correlates of MI probably relies on response specificity. If we
hypothesize that this specificity is real, we should observe dif-
ferent ANS patterns depending on whether the participants are
engaged in different imagery modalities, such as internal or exter-
nal MI perspectives. Ruby and Decety (2001) postulated that
differences or similarities between self and other representations
may be related to the degrees of self-awareness at the neural level
(see also Guillot et al., 2009; Lorey et al., 2009). They reported dif-
ferent patterns of central activation depending on whether each
participant self-represented the movement as an actor (internal
MI) or a spectator (external MI). Both conditions were asso-
ciated with common activation in the supplementary motor
area, precentral gyrus, precuneus and occipito-temporal junction.
The contrast between the third-person (spectator) and the first-
person (actor) MI revealed activation in left inferior parietal and
somatosensory cortices, thus suggesting that these cerebral areas
are specifically involved in distinguishing self-produced actions
from those generated by others. This question was early addressed
to ANS responses during internal and external MI (Wang and
Morgan, 1992).

MOTOR IMAGERY TYPES AND ANS RESPONSES
First, results provided evidence of autonomic changes during
MI that were identical to those observed during actual exercise.
However, respiratory rate, respiratory exchange ratio, heart rate
and diastolic blood pressure were similar during internal and
external imagery. The structural distinction observed at the cen-
tral level was not paralleled by specific patterns of autonomic
activity. We cannot conclude at ANS response specificity accord-
ing to MI modality. Brown et al. (2013) recently stated that
observing a motor scene from an internal perspective is more
likely to generate ANS activity since the participant feels more
engaged than when observing the same motor scene from an
external perspective, although the authors did not make this com-
parison. We should nevertheless underline that the variables used
are only derived from cardio-respiratory activity and should be
better diversified, especially toward the electrodermal variables.
This concern was addressed by Di Rienzo et al. (2012) who stud-
ied the effect of physical fatigue on the ability to form accurate
mental images, both from the external and the internal MI per-
spectives. By comparing two dependent variables before and after
the participants underwent physical fatigue, they reported no
effect on external visual imagery while internal visual imagery
accuracy was significantly affected. MI time decreased by about
15% as compared with the “without fatigue” condition whereas
electrodermal response decreased by about 48%. Interestingly,
these changes only occurred for internal visual imagery, during
which each participant imagined the motor sequence as an actor,
thus associating the somesthetic cues usually perceived during
the actual execution to the representation of the motor sequence.
Hence, physical fatigue is likely to specifically affect MI accuracy.

This might be explained by updating the internal representation
of the motor sequence by taking the actual state of the organism
into account before engaging in MI. Feedback from muscle state
are believed to alter the ability to perform a motor sequence and
provide insights to the reciprocal dependence between mental
and motor processes, mediated by ANS activity.

MOTOR IMAGERY AND PERIPHERAL METABOLIC CHANGES
While the general state of the organism may influence the abil-
ity to form accurate mental images from the internal perspective,
the reverse question could also be asked to test whether men-
tal rehearsal may have the potential to change muscles metabolic
parameters. At the level of chemical changes, data do not support
the conclusion that MI has changed peripheral metabolic param-
eters. This issue was early addressed by Decety et al. (1993), who
measured muscle metabolism directly using nuclear magnetic
resonance spectroscopy during MI sessions. Cardio-respiratory
activity was also monitored during both actual and mental leg
exercise and increased simultaneously with muscle metabolic
changes during actual exercise: drop in phosphocreatine, increase
in inorganic phosphate concentrations and fall in intracellular pH
to 6.65. End-tidal P(CO2) was unaltered. Under the MI condition,
cardio-respiratory activity was comparable to that elicited during
actual exercise. Conversely, the metabolic parameters remained
unchanged. The end-tidal P(CO2) decreased progressively to about
18% of the resting value during MI due to a greater elimination
of CO2 during hyperventilation without increase in CO2 produc-
tion. Under comparable experimental conditions, Wuyam et al.
(1995) also reported a reduction in end-tidal P(CO2). This result
was later confirmed by Fusi et al. (2005). The monitoring of auto-
nomic changes thus demonstrated that cardio-respiratory activa-
tion during MI was greater than that required by the increase in
metabolic demands. These results are also in favor of dissociation
between somatic and autonomic commands, and provide further
evidence for structural and functional similarities between MI
and actual motor preparation.

To sum, with the exception of studies by Wang and Morgan
(1992), Decety et al. (1993) and Di Rienzo et al. (2012), no
other experiment has yet been conducted to address the ques-
tion of ANS response specificity during MI and new experi-
mental designs, involving a pool of ANS variables including
cardio-respiratory as well as EDA, should probably challenge this
interesting issue. In the two last paragraphs, we described the
potential intra-subject differences through ANS activity. Another
way to test ANS responses specificity is to compare central and
peripheral response patterns through inter-subjects studies, e.g.,
when MI is performed by participants with high vs. low imagery
abilities.

INTER-INDIVIDUAL DIFFERENCES IN MI IMAGERY ABILITIES
Differences in MI abilities are partially supported by different
neural networks (Guillot et al., 2008). The authors compared
cerebral activations of skilled imagers to that of unskilled imagers
during physical execution and MI. MI abilities were first assessed
to assign participants into one of the two groups of skilled
and unskilled imagers, using a set of usual tools (questionnaire,
mental chronometry and ANS activity recordings). Each group
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FIGURE 2 | Example of two normalized skin conductance responses
during a series of three consecutive MI repetitions of a finger sequence
in skilled (SC_Good, dark brown) and unskilled imagers (SC_Poor, light
brown). Each vertical bar represents the starting of MI and is paralleled by
electrodermal response onset. In the skilled group, electrodermal response
duration is comparable to that of the actual finger sequence, thus indicating
a close relationship between MI and actual movement durations.
Electrodermal tonic values remained at a constant level (around 1), thus
attesting that general arousal remained stable and favored general
attention. In the unskilled group, electrodermal response is shorter than
that of actual movement, thus indicating temporal discrepancy between
actual and imagined movement durations. Normalized electrodermal tonic
values decreased (from 1.00 to about 0.65), indicating a decrease of general
arousal, likely to impair sustained attention. These data suggest that the
participant encountered difficulty at keeping arousal at a level that is
compatible with efficient cognitive processing. Skin conductance could
thus distinguish between MI abilities.

presented a specific pattern of EDA, as illustrated by Figure 2.
Both groups were then scanned during the mental rehearsal of
a sequence of finger movements and activated a set of common
cerebral structures including the inferior and superior parietal
lobules and motor-related regions such as the lateral and medial
premotor cortex, the cerebellum and the putamen. Interestingly,
inter-group comparisons showed differences due to MI abilities:
good imagers activated more the parietal and the ventrolateral
premotor regions, known as playing a critical role in the gener-
ation of mental images. By comparison, poor imagers activated
more the cerebellum, the orbito-frontal and the posterior cin-
gulate cortices. ANS responses differentiated MI abilities 9 and
were paralleled by specific central activation, thus attesting spe-
cific inter-subjects differences. Interestingly, this result also gives
evidence of a close relationships between MI vividness and elec-
trodermal response duration.

CONCLUSION
Until the two past decades, the ANS was rather considered to
control general physiological changes related to variations in
arousal, with no actual link with cognitive operations. If this basic

9Sympathetic skin responses were recently used as a quantitative evaluation
of motor imagery abilities in individuals with spinal cord injury (Grangeon
et al., 2012).

function still remains to serve behaviors related to survival, the
modern view of its anatomical organization has enlarged its func-
tion to more complex social regulation: “The evolution of the
ANS provides an organizing principle to interpret the adaptive
significance of mammalian affective processes including court-
ing, sexual arousal, and the establishment of enduring social
bonds” (Porges, 1998). Each mental operation including MI is
thus reflected within a part of our nervous system which is inac-
cessible to our will and consciousness, but reveals a part of them
in the form of specific and structured physiological variations.

Movement observation and MI are both means to interact with
our own environment and represent potential operations favoring
the mental construction of an action plan. MI is one of the more
sophisticated mental operations making the individuals engaging
in predictive activities, drawing plans and anticipating the possi-
ble consequences of action planning (Jeannerod, 2001). To react
appropriately in social relationships, we also have a tendency to
simulate how others think of us through MI. These brain opera-
tions are accompanied by a set of physiological information which
may obviously be recorded at the central level but also at the level
of peripheral effectors. Researchers may thus indirectly evaluate
mental states and use an inferential model of brain functioning.
Variables from the ANS have a good reliability since these are
correlated with mental functioning in a specific way. This asso-
ciation is based on a centrally controlled process activating the
central representation of movements simultaneously with ANS
regulation during MI (Decety et al., 1993; Fusi et al., 2005). Far
from the old and outdated views related to ANS functioning, ANS
activity provides evidence of a close correlation with cognition
(Hugdahl, 1996; Thayer et al., 2009). The sympathetic outflow to
the heart is modulated by the activity of the anterior cingulate
cortex, and the cardiovagal activity is under the control of the
ventral medial prefrontal cortex (Wong et al., 2007). These two
cortical structures are known to control both emotional states and
cognition. To the same extent, higher control of EDA is mediated
by neural networks involving prefrontal, insular, parietal cortices,
and limbic structures including cingulate and medial temporal
lobe with the amygdala and the hippocampus (Critchley, 2005).
The neural substrate for these peripheral autonomic responses is
associated with motivational and affective states which, in turn,
mediate action observation and MI. Taken as a whole, recording
autonomic variables at the peripheral level provides an open win-
dow on high brain functions (Collet and Guillot, 2009). These
variables can obviously contribute to the study of MI among
other neurophysiological and psychological methods (Guillot and
Collet, 2005).

While we underlined the common activations of both cen-
tral and autonomic nervous systems during observation and
MI, these are nevertheless associated with no observable behav-
ior. ANS response amplitude and duration are usually reduced
when movements are only observed or mentally performed
by comparison with actual execution. There are thus potential
structural and functional dissociations among the efferent sys-
tems within this co-programming process (for review, see Collet
and Guillot, 2009, 2010). Dissociated somatic and autonomic
co-programming during MI is a working hypothesis waiting
for further experimental investigations. As early hypothesized
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by Damasio et al. (1996), there is high probability that ANS
responses accompanying MI may serve as somatic markers con-
stituting a set of information available to the afferent systems
as internal feedback. Finally, with reference to biofeedback the-
ories (Schwartz, 1976), learning to self-regulate ANS response
patterns may serve subjective experience and enhance the effec-
tiveness of biofeedback procedures by training the individuals to
integrate and coordinate central cognitive information to periph-
eral autonomic and motor responses. Thayer and Lane (2000)
presented a theoretical model integrating central and autonomic
networks controlling cognitive and affective functions into a
structural and functional system designed to serve self-regulation

and adaptability of the organism. This system, including the ven-
tromedial prefrontal cortex and the amygdala, is closely linked
with autonomic centers in the brainstem and sustains that HRV
may serve as a peripheral index of the integrity of CNS net-
works that support goal directed behavior. A clear relationship is
proposed between autonomic activity (e.g., HRV) and executive
functions, this being expected to favor a better understanding of
the complex interactions between cognitive, affective, behavioral
and physiological factors associated with health and disease. As
sophisticated mental processes, observation and mental represen-
tation could take place within this model. It is a challenge for the
future and an open door to new experiments.
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Neuroimaging techniques, such as functional magnetic resonance
imaging (fMRI), have allowed researchers to locate specific areas
of brain activation and highlight the spatial and temporal congru-
ency between observing, executing, and imaging actions. There is
now a common understanding that the covert elements (atten-
tion, motor planning) of action execution, action observation
and movement imagery share, at least in part, similar neural net-
works and mechanisms (Grézes and Decety, 2001; Holmes et al.,
2010). For example, activation of motor cortex and ventral parts
of pre-motor cortex has been reported during observation of
conspecific actions (Fadiga et al., 1995), as well as movement
imagery of an action (Gerardin et al., 2000). Despite signifi-
cant evidence proposing a partially shared neural pathway, there
remains a distinct lack of research identifying the processes by
which individuals use information in each of these states and
whether there is meaningful congruency between the states. In
contrast to imaging techniques such as fMRI, one method of
quantifying imagery and observation of goal-directed action is by
measuring eye movements, which may provide an online indica-
tion of some of the attentional and cognitive processes (Liversedge
and Findlay, 2000). This may inform the debate on the mean-
ingfulness of any shared neural substrate. This paper therefore,
provides a review of eye movements during action execution,
movement imagery and action observation and highlights aspects
of congruency in gaze metrics between these states. For a range of
gaze metrics we consider clinical and research implications, and
translational applications across a number of domains and pro-
vide several key research areas that we propose would benefit from
further inquiry.

GAZE IN ACTION EXECUTION
An extensive body of research suggests that vision is the domi-
nant sensory system underpinning human function (Causer et al.,

2012) and the processes and mechanisms by which vision aids and
controls movement have been researched extensively (Elliott et al.,
2012). During perception, external visual information is retinop-
tically mapped (preserved) onto topographically organized areas
in the occipital lobe. The “attended” environmental visual cues
are then processed via the dorsal, ventral, and rostral streams of
the visual system; the dorsal stream permitting identification of
object location, size and orientation, the ventral stream facilitat-
ing object recognition, and the rostral stream acting as a conduit
between both (Goodale and Milner, 1992). In the dorsal stream,
which extends into the posterior parietal cortex, the visual and
other sensory information is transformed into a common eye-
centered frame of reference in motor areas to guide movement
(Andersen et al., 1997; Desmurget et al., 1999). Although the
degree of correspondence between gaze and stimulus may vary
depending upon nature of the task (Frens and Erkelens, 1991;
Binsted and Elliott, 1999), the majority of everyday actions such
as reaching for a cup or catching a ball are considerably easier
and often more accurate with vision. Typically, specific eye move-
ments (visual fixations) precede motor manipulation (Abrams
et al., 1990) and during visuomotor tasks such as reach and grasp,
the location and duration of these unique eye movements are con-
sidered to perform two vital monitoring functions: (1) identifying
the goal directed target; and (2) providing visual feedback about
the grasping hand to enable online corrections (Land et al., 1999;
Brouwer et al., 2009).

Seminal work by Woodworth (1899) suggested that once a sta-
tionary target is identified a single ballistic movement occurs that
brings the limb into the vicinity of the target. This is then fol-
lowed by a single corrective movement that is based on visual
feedback about the relative positions of the limb and target.
Woodworth suggested that the corrective part of the movement
involved a graded “homing” in on the target. Over a century later
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the basic tenets of the two-component theory are still supported
by researchers examining the active control of goal-directed
movements.

GAZE IN ACTION OBSERVATION
When teaching a movement or skill, demonstrations are fre-
quently used by the instructor (Magill, 2000). These demon-
strations are argued to modify behavior through by various
mechanisms. For example, an individual may adapt their behav-
iors to match a model (echokinesis: Prinz, 1987; imitation:
Heyes, 2001), an object (emulation: Heyes, 2001) or a per-
ceived goal intention or outcome (Byrne and Russon, 1998). In
the skill acquisition/motor learning literature however, observa-
tional learning, often referred to as modeling, is seen as more
pertinent. Observational learning can be defined as the process
by which an individual observes a behavior and adapts his/her
action(s) accordingly (Bandura, 1986). The critical difference
between observational learning and imitation or emulation is the
focus on long-term learning of a skill and a relatively permanent
change in behavior rather than a discrete performance. Learning
by observation, as well as the ability to recognize and interpret the
movements, actions, and goals of others all rely on action obser-
vation. Below we will discuss how eye movements are utilized
during action observation and the similarities between observing
and executing actions.

The direct matching hypothesis (Flanagan and Johansson,
2003) postulates that observing behaviors performed by oth-
ers elicits motor activity in the brain of the observer similar
to that which occurs when the individual plans his/her own
actions (Rizzolatti et al., 2001; Rizzolatti and Sinigaglia, 2010).
Transcranial magnetic stimulation (TMS) studies have demon-
strated that during the observation of goal-directed movements,
an increase in a muscle specific motor evoked potential occur in
the human motor cortex (Fadiga et al., 1995), and that predictive
eye movements are linked to the invoked motor program (Elsner
et al., 2013). When observing someone else acting on an object,
people implement goal-specific eye movement programs that are
driven by their own motor representation for the transient action.
Falck-Ytter et al. (2006), for example, demonstrated that proac-
tive goal-directed eye movements in adults result from the direct
matching of an observed action with the motor representation
of that action. Further, they showed that infants gaze proactively
toward the target object of others’ actions at the same age as they
become able to perform those actions themselves. Elsner et al.
(2013) also found that during observation of a conspecific reach-
ing to a target object, stimulation of the observer’s motor cortex
disrupted the ability to predict the observed actions and was also
indexed by delayed predictive eye movements demonstrating eye
gaze coupling with motor output.

Action observation is also influenced by observation strategy
instructions associated with the stimuli observed. For exam-
ple, Decety (1996) reported that the neural profile was altered
depending on whether the task was to “recognize” the action
or to “observe the action with the intent to imitate.” Only in
the “intent to imitate” condition were areas involved in the
planning and generation of movement activated. In addition,
the activation was also differentiated by the stimuli presented.

Individually-meaningful actions activated the left frontal and
temporal (planning) areas whilst meaningless actions activated
the right occipital-parietal area. Eye movements have also been
shown to be influenced by task strategy. Brouwer et al. (2009)
demonstrated a different eye movement pattern dependent upon
whether the action involved the viewing of a stationary object
or the reach and grasp of that object. During viewing, the eyes
fixated the center of mass of the object, whilst during reach
and grasp the eyes predictively fixated the future contact areas
of the index finger and thumb. These data suggest that when
motor plans are generated, gaze performs an active role in
action observation, linked to sensory prediction, just as it does
in action execution and should be considered in research pro-
tocols and intervention designs when providing instructions to
participants.

GAZE IN MOVEMENT IMAGERY
Imagery has been shown to influence motor processes, such as
the kinematics, kinetics and co-ordination of action, and cog-
nitive process such as motivation, attention and affect (Holmes
and Collins, 2001). The use of imagery and, in particular, move-
ment imagery, defined as the representation of human action in
the absence of movement execution (Jeannerod and Frak, 1999),
has practical implications in a range of domains: music; sport;
surgery; military settings; and clinical rehabilitation. Practicing
movement imagery, either discretely or, better, in conjunction
with physical practice, has been reported to improve motor skill
acquisition and performance (Page et al., 2005; Dickstein and
Deutsch, 2007).

The concept of eye movement metrics as a useful marker
of imagery behavior is not new and the role of gaze and eye
movement congruence in imagery has been known for some
time. It is surprising, therefore, that researchers and practition-
ers have not considered the importance of eye movements for
image generation. For example, Hebb (1968) suggested that if an
image is a reinstatement of the perceptual process then it should
include similar eye movements and be constructed in a similar
manner. During imagery, the object recognition system (occip-
ital areas and ventral stream) is thought to be primed strongly
causing a pattern of neural reactivation (the visual image) to
be generated (Kosslyn, 1995). The iterative retrieval of infor-
mation in the reconstruction of the image is suggested to be
assisted by an occulomotor-based coordinate system; eye fixations
during perception are encoded, stored alongside the visual rep-
resentation and used later as an index during systematic image
generation (Laeng and Teodorescua, 2002). This suggests that
congruent eye movement metrics are an important component
in image generation and contribute to two key aspects of the
image; its control and quality. This concept is similar to that sug-
gested to operate during visually guided action execution; the
action is planned, and updated, in common eye-centered coordi-
nates using information from sensory stimuli and motor effectors
(Batista et al., 1999). As with perception, it is possible to scan
the visual image and direct attention to key features thus per-
mitting the image’s complexity and vividness to be “built up”
over time (Kosslyn, 2010). If imagery can be used during skill
acquisition and motor (re)learning and eye movements perform
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a functionally meaningful role, then the efficacy of imagery as a
technique for (re)learning may be greater if the eye movements
are monitored and controlled during the imagery process.

Despite the extensive research into imagery and imagery
mechanisms there remains a paucity of research examining eye
movements in movement imagery, where the visual compo-
nent is clearly important (Jeannerod, 1994). Rodionov et al.
(2004) were one of the first groups to examine eye gaze in
movement imagery; specifically whether imagination of body
rotation could induce oculomotor activity similar to the typi-
cal vestibulo-ocular reflex. Their data suggested that nystagmic
activity in the horizontal plane could be elicited during move-
ment imagery providing evidence that eye movements could
be used as an objective measure of online cognitive processes.
More recent research has confirmed the significant role of eye
movements in movement imagery with further evidence for
functional congruence of eye movements between the covert
and overt states (Heremans et al., 2008, 2011; McCormick
et al., 2012, 2013). These studies are discussed later in this
paper.

CONGRUENCY OF GAZE METRICS
Recording eye movements provides an unobtrusive, sensitive,
real-time behavioral index of on-going visual and cognitive pro-
cessing (Liversedge and Findlay, 2000). This indirect, objective
experimental approach has been used successfully to compare
behaviors between the observation and imagery by a number of
research groups (Flanagan and Johansson, 2003; Heremans et al.,
2009; McCormick et al., 2012). Collectively, the findings suggest
there are similarities but also some discrete differences between
the gaze metrics. The following section provides an overview of
this literature and is organized by the states compared.

ACTION EXECUTION AND ACTION OBSERVATION
Flanagan and Johansson (2003) showed that the eye movements
of participants observing actors who were performing a block-
stacking task were spatially similar to, and in phase with, the
eye movements they produced when they performed the task
themselves. In both instances, attention was directed proactively
to the upcoming point of contact, anticipating the outcome of
the actions without attending to the visual unfolding. These
anticipatory eye movements in reaching tasks have also been
demonstrated in infants as young as 14 months old (Gredebäck
et al., 2009). Rotman et al. (2006), in a follow-up study to
Flanagan and Johansson, examined eye movements of predictable
and unpredictable actions during a similar block-stacking task.
Participants observed an actor picking up one of two blocks. The
results showed that the observers were able to fixate the goal
(target block) through proactive gaze in advance of the actor’s
hand reaching the goal. These studies suggest that observers
are activating their own movement representations for the task
being performed by the actor and provide support for the direct
matching hypothesis. It should be noted that not all studies have
demonstrated proactive eye movements during reach and grasp
action observation conditions (see Gesierich et al., 2008), this
could be a direct consequence of the instructions provided to
participants.

Ambrosini et al. (2011) examined whether these representa-
tion transferred into more complex scenarios, where more objects
of varying shapes and sizes are present, and whether partici-
pants could predict the target object. In a similar set-up, an actor
reached for one of two objects, which require two different types
of grip. In a control condition the actor did not pre-shape their
hand, in the experimental condition the hand was pre-shaped
depending on the target object. The results showed that, in the
pre-shaping condition, observer’s demonstrated earlier saccadic
eye movements and higher hand position accuracy compared to
the control condition. These data suggest that simply pre-shaping
the hand is enough for an observer to identify a target object, pro-
viding further support for the idea that when observing others we
access the same motor representations as action execution.

Building on these ideas, Ambrosini et al. (2012) asked par-
ticipants to observe an actor reaching for a target object whilst
their hand was either free to move or restrained. Gaze behavior
was significantly compromised in the restrained condition with
the authors concluding that, when observing actions, it is criti-
cal for the observer to be under the same constraints as in action
execution. This concept is supported by Costantini et al. (2012),
who found that when observing an actor reaching for a target
object that was out of reach, proactivity of the observers gaze was
compromised.

For relatively simple movements, observers pick up invariant
spatial and temporal features from the modeled actions (Mataric
and Pomplum, 1998). For instance, in the observation of upper
limb movements involving no target, individuals typically fix-
ate the hand or end point, regardless of whether or not the
whole limb is used. In situations where the immediate target
is unknown, or ambiguous, the observer makes use of other
salient motor cues, such as hand pre-shaping, to help identify the
appropriate target (Maslovat et al., 2010; Ambrosini et al., 2011).
In a similar manner to assisted imagery (Holmes and Collins,
2001), these data suggest information rich visual cues can facil-
itate observation with the remaining movement details “filled in”
using internal models of limb kinematics.

In observation that includes an agent explicitly, the observer’s
eye movements frequently follow a characteristic sequence.
Specifically, the observer typically fixates the agent (generally the
agent’s head) and then the target (Webb et al., 2010; Letesson
and Edwards, 2012; McCormick et al., 2012). It could be that
the agent’s gaze (and hand trajectory) provides early cues about
the anticipated target or goal of the action and/or the sequence
is a consequence of specialized neural networks involved in
action perception. If action observation uses the same senso-
rimotor mechanisms as is involved in executing actions, then
perhaps observers first attend to the agent to engage these
mechanisms or as a necessary pre-requisite of anticipating the
target.

A major difficulty in learning through observation is that
although individuals are presented with a “model” comprising
the task relevant actions, anatomical relationships, kinematic
parameters and relative timings, learners may not attend to the
important visual information cues. This may occur as a result
of divided attention, or because the critical visual cues are not
subjectively deemed as “informative” by the observer (Loftus and
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Mackworth, 1978), detrimentally affecting subsequent perfor-
mance (Fernandes and Moscovitch, 2000). In addition, a direct
relationship between action execution and action observation
implies bi-directionality (Schutz-Bosbach and Prinz, 2007); if
perceiving action leads to activation in motor areas then action
production (by the self) should also prime action perception. In
this regard, if action (by the self) is ineffective (e.g., in movement
dysfunction after stroke), then this may influence the patient’s
perceptual sensitivity to the actions of others. Indeed, Underwood
et al. (2009) have demonstrated that domain expertise (enhanced
top down knowledge) influences gaze both at recognition and
memory recall. Experts in different domains demonstrated more
consistent scan patterns when viewing domain specific images,
compared to images from an unfamiliar domain. That said,
researchers have reported that patients who used action obser-
vation as part of their stroke rehabilitation therapy (Ertelt et al.,
2007) were able to demonstrate physical improvements com-
pared to controls. These data suggest that during action obser-
vation we take advantage of the same motor knowledge that
enables us to perform actions. In this regard, the action pro-
cessing might be modulated by our own motor repertoire as
well as the importance we attach to the visuomotor informa-
tion. In situations where the latter two variables are less than
optimal, (re)training effective gaze may improve the level of
proficiency achieved through this covert approach to motor
(re)learning.

ACTION EXECUTION AND MOVEMENT IMAGERY
Heremans et al. (2008) were the first to compare eye movements
between physical execution and subsequent movement imagery.
Using a cyclical aiming task the authors reported that 89% of par-
ticipants made task-related eye movements during imagery with
the eyes open and 84% did so during imagery with eyes closed.
Furthermore, both the number and amplitude of the eye move-
ments during imagery resembled closely those of eye movements
made during the physical execution of the task. The findings con-
trast, in part, those of McCormick et al. (2013) who reported
that additional fixations that were made during physical execu-
tion. The differences may be explained through the demands
of the actions performed. Heremans et al. (2008) used a rela-
tively low demand cyclic wrist extension action that was cued
externally whereas McCormick et al. (2013) employed a task
that involved the optimal movement of a stylus to a target in
the sagittal plane. These data suggest that the neural coupling
that exists between the eye and hand movements during phys-
ically executed movements remains partially intact in imagery
(i.e., fixation location is preserved). However, the difference in
the baseline level of task demand appeared to be uninterpreted
in imagery.

In attempts to elucidate the role of eye movements during
movement imagery, some researchers have employed chronom-
etry paradigms and included conditions in which eye move-
ments are fixed or free (Gueugneau et al., 2008; Debarnot
et al., 2011). Using a joystick tracking task, under normal and
mirror conditions, Debarnot et al. (2011) reported that per-
formance accuracy and temporal similarity between physical
execution and movement imagery is maintained in the normal

condition for eyes-free and eyes-fixed, which suggests that eye
movements perform no functional role. However, in the mir-
ror condition the temporal congruence between action execution
and movement imagery was maintained only in the eyes-free
condition. These data could have occurred as a result of par-
ticipants in the eyes-fixed condition fixating a cross positioned
mid-way between the targets suggesting that peripheral vision
may have been used and, given the comparable levels of per-
formance in the normal condition, assisted the task. In more
complex tasks, the use of peripheral, rather than high acuity
foveal vision may compromise accuracy and results in reduced
task proficiency.

In a training study, Heremans et al. (2011) used a Virtual
Radial Fitts task where participants were required to have eyes-
fixed or allowed spontaneous eye movements. They moved
a pen to several targets using their dominant and non-
dominant hand. Both groups received movement imagery
training; the eyes-fixed group was asked to fixate a red tar-
get during the training, whereas the eyes-free group had no
eye movement instructions. Results showed that eye move-
ments during movement imagery did not affect the tempo-
ral parameters of the action, such as movement time and
time to peak velocity, but assisted movement accuracy. These
effects were most pronounced in the conditions with high
accuracy demands. Effects were found for both the domi-
nant and non-dominant body side, indicating that the effects
of movement imagery practice and the role of eye move-
ments during movement imagery practice may be effector-
independent.

These studies imply that some of the functional eye move-
ments involved in planning (i.e., determination of the tar-
get in the visuomotor workspace) are performed similarly in
action execution and movement imagery. It appears that some
temporal aspects of gaze (e.g., the functions involved in the
online correction of physical movement) are not replicated in
imagery.

ACTION OBSERVATION AND MOVEMENT IMAGERY
The concept of a motor representation which is shared by all
three simulation states suggests that some gaze metrics should be
congruent between action observation and movement imagery,
in the absence of any priming action execution. To test this
idea, McCormick et al. (2012) used a reach-grasp-place task to
examine the gaze congruency between these two conditions and
also manipulated visual perspective (first and third person). In
the action observation condition participants were instructed to
observe the action with the intention to imitate it at a later
time. The data showed that although the total number of fix-
ations between conditions (action observation and movement
imagery) and perspective was not significantly different, the
number of fixations to specific regions of interest (grasp and
placement sites) was significantly greater in first, compared to
third person perspective. These data suggest that the task related
spatial information is influenced by visual perspective; in the
absence of a third party agent, information is primarily gath-
ered from the object stimuli. Similar findings have been reported
by other research groups (e.g., Letesson and Edwards, 2012). In
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contrast, McCormick et al. (2012) fixation duration was reported
to be significantly longer in action observation than movement
imagery. Based on the findings of Loftus and Mackworth (1978),
it is suggested that the increased fixation duration reflected the
information rich environment of action observation and associ-
ated increase in cognitive demand. The number of fixations to
target stimuli appears reduced in action observation, and any
subsequent movement imagery, when the agent’s gaze is visi-
ble. Although Humphrey and Underwood (2010) report that the
inclusion of social information during picture viewing improves
recognition accuracy, it is unknown if social gaze is interpreted
in movement imagery and whether it benefits (re)learning in a
similar way to action observation.

ACTION EXECUTION, ACTION OBSERVATION, AND MOVEMENT
IMAGERY
To date, only one study has compared gaze metrics in all three
states within a single paradigm. McCormick et al. (2013) con-
ducted a tri-state comparison of the fixation metrics using a
forward reach and point Virtual Radial Fitts’ Task. The task
required participants to reach and point to three different sized
targets on a touchscreen with a stylus. The imagery task was exe-
cuted in the first person perspective with visual cues (guided
imagery) and without cues (unguided imagery). As a manip-
ulation check, simulated movement time during imagery was
also recorded. Participants fixated the target in all conditions
indicating that similar visual and/or extra-retinal information
was acquired in conditions. In contrast to the findings of oth-
ers (Heremans et al., 2009), more fixations were made to the
target during action execution but, in support of McCormick
et al. (2012), the number of fixations were comparable between
action observation and imagery. The increase in the number of
fixations during action execution suggests that corrective fixa-
tions occurred during the “homing in” phase of the movement
(Elliott et al., 2001). This process of guiding the effector using
visual feedback is absent in the covert states. Fixation duration
was congruent between action execution and action observation;
in both conditions the fixation duration increased as task com-
plexity increased. This increase in fixation may be due to the
additional online information processing required in the more
complex tasks (Brouwer et al., 2009), due to the eyes remain-
ing fixated at the target until the imminent arrival of the limb
(Gowen and Miall, 2006), or a combination of both. In either
scenario, the fixation duration in action observation appears to
mirror that of action execution and suggests the motor repre-
sentation, inclusive of eye movements, is shared in these states
(Flanagan and Johansson, 2003). The authors also reported that
movement time was longer in the imagery conditions compared
to action execution and, in contrast to fixation duration, the
movement times were constrained by Fitts’ Law (Fitts, 1954).
As fixation duration remained constant during imagery, and the
number of target fixations was comparable with action obser-
vation, the authors reasoned that information was attended to
differently during imagery and that no online corrective func-
tions were simulated. The inter-state differences and similarities
uncovered through these direct tests of the simulation theory
highlight that the neural sharedness is partial and differentiated

by state. Tri-state comparison therefore, permits identification of
the specific gaze characteristics that are congruent between states
and guides the further optimization based on a neural shared-
ness model (Jeannerod, 1994) and this information should be
exploited to optimize the effectiveness of observation and imagery
interventions.

IMPLICATIONS
We have identified that there are several gaze metrics (e.g.,
fixation duration and frequency) that have been demonstrated
to be congruent between action and simulation states. We have
also demonstrated however, that there are several gaze metrics
that differ between states. We therefore, encourage practitioners,
clinicians, and researchers to consider eye movements and gaze
metrics when developing training interventions and therapies,
but to be aware that not all gaze metrics are congruent. When
designing observation and imagery programs, critical eye move-
ments that are relevant for the given action need to be considered.
These important metrics will depend on the task, the context and
the individual differences of clients and patients; age, experience,
and ability for example.

Practitioners employing imagery and action observation
techniques need to be aware not only of the central and peripheral
markers, such as cardiovascular responses, but also congruent eye
movements as these will provide further evidence that the patients
is engaging with the therapy. The transfer of these eye gaze met-
rics between limbs and similar tasks is also an area of interest and
has potential implications for clinical rehabilitation.

TRAINING TOOLS
The research presented highlights the potential of using action
observation and movement imagery to (re)learn or improve skills
when physical practice is not an option, or in conjunction with
physical practice to optimize motor learning. There is an oppor-
tunity to use the data presented above to develop a comprehensive
action simulation training or therapy program in a clinical envi-
ronment. Using a multi- and interdisciplinary approach informed
by research in neuroscience and psychology as well as the practice
of clinicians, the therapy could support motor leaning or regen-
eration and neural plasticity through a combination of physical
practice, action observation and movement imagery (for reviews
see Sharma et al., 2006; Holmes and Calmels, 2008; Garrison
et al., 2010). The training or therapy, depending on the client
group, would need to bring together concepts of motor plan-
ning, action prediction, visual attention, and optimal learning
to deliver a personalized action simulation package that sim-
ulates motor learning in meaningful and contextually-relevant
scenarios.

FUTURE DIRECTIONS
The majority of the literature presented in this paper has focused
on relatively simple tasks requiring limited visual attention. If the
ideas and concepts developed from this work are to be translated
into real-world domains for use in skill acquisition and rehabil-
itation, then these concepts need to be examined in more com-
plex environments under a variety of conditions. For example,
future research should manipulate task complexity in order to
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determine when certain gaze variables, such as fixation duration
of saccade amplitude, “break-down” in each of the simulation
states. This may provide information to researchers and prac-
titioners looking to train skills using the three different states,
for example, fixating a target location for longer and/or earlier
(Causer et al., 2011).

Despite the growing research interest in action observation
and imagery, most of the studies focus on simple tasks using
one limb. Many of the actions we perform in daily life involve
the simultaneous action and coordination of at least two limbs.
Researchers have shown performance limitations during biman-
ual movements, evidenced through problems in the planning
or execution of the independent movements with both hands
concurrently (Punt et al., 2005). Asymmetric movements, with
different spatial constraints for the left and right hand can also
lead to prolonged latencies, distorted trajectories, and high error
rates. These factors are further complicated when one considers
the site of infarction and hand dominance in stroke patients. In
unimanual reaching, visual attention is deployed to the target
well in advance of movement termination. In bimanual reach-
ing, it has been suggested that the independent movement goals
(objects) are attended in to in a serial way in the latter part of the
task to correct for movement trajectory error (Riek et al., 2003).
In contrast, during movement preparation visual attention is sug-
gested to be simultaneously deployed to the independent goals,
but with more attention allocated to goals that are perceived as
more difficult (Baldauf and Deubel, 2008). How the independent
goals are attended to during movement preparation and through-
out simulation in action observation and movement imagery is

currently unknown. Researchers should investigate how gaze may
be affected and controlled during more complex movements and
how these translate onto activities of daily living.

In terms of clinical research directions, more research is
needed into the use of gaze metrics in rehabilitation and how
to optimize skill (re)learning and increasing movement function.
In line with this, identification of video feedback and highlight-
ing task relevant cues, via gaze metrics such as fixation zones
and fixation duration, especially in high-risk everyday activities,
could potentially reduce accidents and injuries, as well as enable
patients to relearn skills more effectively following stroke or other
movement dysfunctions.

CONCLUSIONS
In this paper we have reviewed critically the literature on eye
movements in action execution, action observation, and move-
ment imagery. We identified gaze variables that are congru-
ent and incongruent across states providing an argument for
gaze congruency as an implement for developing action obser-
vation and movement imagery interventions. We also identi-
fied research that supports the idea of a partially shared neu-
ral network between the states. We encourage researchers and
practitioners to utilize eye movement metrics in experimen-
tal and rehabilitation contexts that are representative of the
action execution scenario when using action observation and
movement imagery interventions. These guidelines can help
us move toward more effective training and skill learning in
multiple domains, from high performance sports to clinical
rehabilitation.
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Recent research has revealed similarities in brain activity during observational learning
and motor execution. However, whilst action develops visual, motor and afferent
representations during acquisition, action-observation has been proposed to only develop
visual-spatial learning via visual representation. In addition, it has been suggested that
the vividness of visual representations are determined by imagery ability. Thus, the
purpose of the current investigation was to explore the possible moderating role of
imagery ability in the effectiveness of observational learning. Participants (n = 40) were
assessed on their imagery ability via the Vividness of Movement Imagery Questionnaire-2
(VMIQ-2) and then assigned to one of four groups; high imagery ability and observational
learning (HIA-OL), low imagery ability and observational learning (LIA-OL), high imagery
ability control (HIA-C) and low imagery ability control (LIA-C). Following group allocation
all participants performed a pre-test consisting of five actual practice trials of a novel
gymnastics routine. The HIA-OL and LIA-OL groups then participated in a 14 day
observational learning intervention whilst the HIA-C and LIA-C groups acted as controls.
Following this, participants performed a post test, which was identical in nature to the
pre-test, before finally completing the VMIQ-2 again. Performance on both the pre-test
and post test was evaluated by two qualified gymnastics judges. Results revealed that
gymnastics performance increased from pre-test to post test for both the HIA-OL and
LIA-OL groups. However, this effect was greater in the HIA-OL group suggesting that
the relationship between observational learning and successful imitation performance is
moderated by imagery ability.

Keywords: action observation, skill acquisition, motor learning, gymnastics, form tasks

INTRODUCTION
Following recent improvements in the measurement (e.g., PET,
fMRI) of cognitive activity in the brain researchers have begun
to study the neural correlates between both action observation
and movement imitation (Decety et al., 1997; Grezes and Decety,
2001; Filimon et al., 2007). Research in this area has revealed
the activation of common neural structures (e.g., Parieto-frontal
areas, cerebellum and supplementary motor area (SMA)) between
observational learning (OL) and physical practice in both healthy
(Macuga and Frey, 2012; Nedelko et al., 2012; Szameitat et al.,
2012) and patient populations (Szameitat et al., 2012). Fur-
thermore, recent neuroimaging (Macuga and Frey, 2012) and
behavioral research (Ong and Hodges, 2010; Boutin et al., 2012;
Ellenbuerger et al., 2012; Hayes et al., 2012a,b) suggests that the
activation of these brain regions serve different purposes during
OL and actual practice: actual practice results in the development
and coding of visual, motor and afferent neural representations
of the to-be-learned task, whereas OL leads to the encoding of
visual representations (Boutin et al., 2012; Ellenbuerger et al.,
2012; Hayes et al., 2012a,b).

The rationale for the development of different neural
representations between OL and movement execution derives

from proposals that the sensory and motor processes involved in
these two paradigms operate differently. That is, learning through
movement execution involves the understanding, analyzed and
adaption of the interacting effects between the efferent neural
commands and afferent neural information (for a review see,
Elliott et al., 2010). For example, in order to accurately acquire
executed motor skills individuals need to develop internal
feed-forward and inverse models. These compare the expected
and actual feedback to map the correct movement commands
to the required sensory consequences and transform sensory
consequences into the correct motor commands, respectively.
Whilst actual practice involves all of these motor and sensory
transformations, OL affords only some since the observer
experiences the same visual input as those in movement
execution but does not experience the processes involved either in
sending neural commands to the motor periphery or in receiving
resultant afferent feedback from movement.

In partial support of the above, Voisin et al. (2011) revealed
that OL does not result in actual muscle contraction as measured
by EMG. However, EEG data revealed that OL of either a hand
action or a hand being passively touched by an object resulted in
a modulation of somatosensory activity. Given the lack of EMG
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activity during OL, the somatosensory modulation most likely
resides in processes involved in internal feed-forward models of
control. That is, because no actual afferent information is present
in OL modulation of activity in somatosensory areas cannot occur
due to processes involved in inverse models of control. Rather, the
subliminal activation of brain regions during OL may result in
efferent copy development and thus development of feed-forward
models of control. In support of the possibility that OL enhances
feed-forward models, research has revealed that corticospinal
activation (measured via motor-evoked potentials; MEP) is
greater during OL compared to at rest (Brighina et al., 2000; Aziz-
Zadeh et al., 2002; Clark et al., 2004) with the temporal structure
of these MEPs sharing the same structure as the muscle phases
involved in actual physical practice (Gangitano et al., 2001).

Whilst, OL may well invoke development of the efferent
processes involved in motor representations, recent empirical
evidence suggest that the sensorimotor processes underpinning
OL involve visual rather than complete (i.e., both feed-
forward/efferent and inverse/afferent) motor representations
(Hayes et al., 2012a,b). Hayes et al. investigated the processes
subserving both OL and learning that involves motor execution
using both intermanual (Hayes et al., 2012a) and intramanual
(Hayes et al., 2012b) transfer paradigms. In the intermanual
paradigm, participants learned both the absolute and relative
timing of a movement sequence with their right arm either
through motor execution or observation before being instructed
to perform the same absolute and relative timings with their
left arm (i.e., intermanual transfer). Whilst both groups learned
the absolute and relative timing of the task equally well when
asked to reproduce the same visual-spatial pattern, performance
in transfer was significantly lower in the observation group.
The intermanual transfer involved the production of a mirror
image equivalent to that learned with the right limb. Thus,
the authors concluded that the superior performance of the
motor execution group was due to this mirrored image engaging
homologous muscles to those involved in practice and the
motor representations developed therein, whereas, the lower
performance of the OL group indicated the development of a
visual-spatial (rather than a motor) representation was ineffective
in the mirrored task (transfer). To corroborate these suggestions
the authors replicated their previous experiment but included
an intra- rather than intermanual transfer paradigm (i.e., the
transfer task required use of the same limb to that involved in
learning, but modification of the scaling between the movement
of the limb and the visual-spatial outcome). The rationale being
that transfer performance would now be superior in the OL
group because the visual-spatial representation formed during
practice would be congruent with that required during transfer.
Whereas, performance of the motor execution group would
be attenuated because the motor representation developed
during practice would need to be adjusted to meet the novel
motor execution and sensory consequences of the transfer test.
Similar to the intermanual experiment, results revealed that both
the motor execution and OL groups demonstrated equivalent
retention performance. However, participants in the OL group
were better able to adapt to the modifications in gain between
their limb movements and the associated visual consequences in

the transfer test supporting the proposal that learning through
action observation results in the development of visual-spatial
task representations.

The process of manipulating these types of mental
representations (i.e., visuo-spatial images) has been conceptuali-
zed in terms of forming, transforming, and maintaining the
image (Kosslyn, 1994). These processes not only support the
learning and execution of motor performance (e.g., Hardy
and Callow, 1999; Fourkas et al., 2006; Guillot et al., 2008,
2009), but also many other important aspects of human
functioning. For example, imagery is implicated within working
memory (Bywaters et al., 2004), problem solving (Hegarty and
Kozhevnikov, 1999) creative thinking (LeBoutillier and Marks,
2003) and language (Bergena et al., 2007). However across these
areas, individual differences in imagery ability (e.g., vividness)
influence the effectiveness of imagery on functioning (e.g.,
Gonzalez et al., 1997; Baddeley and Andrade, 2000). Indeed,
behavioral research has demonstrated a moderating effect of
vividness on motor learning and execution (e.g., Goss et al., 1986;
Robin et al., 2007) such that individuals with better imagery
ability receive more benefit from imagery use.

Although recent neuroimaging studies have shown differen-
tial neural activity and concomitant increased motor output
and performance related to ability of imagery (Cui et al., 2007;
Guillot et al., 2008; Logie et al., 2011; Williams et al., 2013), a
mechanism by which the neural differences underpinning vivid-
ness may cause these differential behavioral effects has not been
offered. However, a cognitive rationale can be provided. Specifi-
cally, a more vivid image provides the imager with clearer infor-
mation regarding what she or he has to execute via a more
detailed visual-spatial representation in working memory (Bad-
deley and Andrade, 2000), with research indicating that the more
detailed the visual-spatial representation, the greater the behav-
ioral response (Callow et al., 2006).

As OL enhances learning and skill development through
the development of visual-spatial representations (Hayes et al.,
2012a,b) and that ones’ ability to produce a vivid image impacts
the quality visual representation in working-memory (Baddeley
and Andrade, 2000) one might expect that the ability to image
(i.e., to create vivid and realistic visual images) might moderate
the effectiveness of OL. However, to the best of our knowledge,
this proposal has yet to be tested in the literature. Thus the
primary purpose of the present study was to investigate whether
imagery ability moderates the OL-performance relationship.
Further, as OL increases how vivid an image is (Rymal and Ste-
Marie, 2009) and also the ease of imaging a movement (Williams
et al., 2013), the secondary purpose of the study was to further
explore the effect that observational learning has on imagery
ability. To examine these aims, participants learned a gymnastic
floor routine via an observational learning paradigm and
completed a widely used measure of imagery ability Vividness
of Movement Imagery Questionnaire-2 (VMIQ-2; Roberts
et al., 2008) before and on completion of the intervention.
We hypothesized that those participants with higher imagery
ability would achieve greater learning, as measured by retention,
compared to those participants with lower imagery ability, and
that OL would increase imagery ability.
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MATERIALS AND METHODS
PARTICIPANTS
Eighty four participants (n = 43 males and 41 females) aged
between 18 and 26 (M = 19.8; SD 1.3) volunteered to participate
in this experiment. All participants self-reported no previous
experience in gymnastics, were naïve to the research hypotheses
being tested and gave their consent prior to taking part in the
investigation. The experiment was conducted in accordance with
the institutions ethical guidelines for research involving human
participants. Since the investigation required a high and low
imagery ability sample population and due to the experimental
task being form based (e.g., a gymnastics routine), participants
were screened in regards to their imagery ability and preference.
This was achieved via completion of Callow and Roberts (2010)
revised VMIQ-2 (see below for specifics). Only those participants
with either a high (VMIQ-2 score < 26) or low imagery ability
(VMIQ-2 score > 36) and a preference for external visual imagery
(EVI) were selected.1 Following this procedure the investigation
was left with 40 participants (12 males, 28 females) aged between
18 and 26 (M = 20.1; SD 1.7) with an equal number of high and
low imagery ability participants.

TASK AND APPARATUS
In order to measure imagery ability, participants completed the
revised VMIQ-2 (Callow and Roberts, 2010). The revised VMIQ-
2 requires athletes to form images of a variety of movements and
then rate the vividness of each image. Specifically, the measure
contains 12 items and participants are asked to image each item
from a specific imagery perspective and rate the image on a 5
point Likert scale according to the degree of clearness and vivid-
ness (from 1; perfectly clear to 5; no image at all). The 12 items
are then added together to give a score for that imagery subscale.
A lower score indicates greater imagery ability. This process is
completed separately for External Visual imagery, Internal Visual
imagery and Kinesthetic imagery. The questionnaire also requires
participants to use a 1–10 (1 = strong internal preference, 5 =
no preference, and 10 = strong external preference) Likert scale
to rate the extent to which they have a preference for a particular

1The rationale here was that EVI is the most efficacious form of imagery for
form based tasks (Hardy and Callow, 1999).

imagery perspective. For the purposes of the current experiment
only those individuals who reported 7 or above (≥ moderate
external preference) on this question were selected for participa-
tion. The VMIQ-2 displays acceptable factorial, concurrent and
construct validity (see Roberts et al., 2008).

The experiment took place in a gymnastics hall in which two
standard multipurpose gymnastics mats (2m × 1m × 50 mm)
were set out horizontally. Marker tape on the mats was used to
identify the start position and movements were recorded on a
Sony Digital Video Camera Recorder (DCR-DVD106) mounted
onto a tripod located at a distance 3.5 meters away from partic-
ipant and at an angle of 45◦ (0◦ was taken as the center of the
participants navel). At the start of the experiment, participants
were shown a short video ten times2 on a television monitor (Aiwa
VX-G142) of an expert gymnast performing a floor routine. The
perspective of the expert in the video was consistent to a third
person view or external perspective. Participants were instructed
that performance was being measured by how accurately they
were able to reproduce the movement form within the video.
The routine (see Figure 1) consisted of five simplistic movement
components each of a comparable level of difficulty, as listed by
the Fédération Internationale de Gymnastique (2009).3 Specifically,
the movements consisted of a starting position, a lunge, an
arabesque, a full turn and a finish position, which were all held for
three seconds. For the start position participants were required to
balance on their right foot with their left leg bent and their left
foot resting on their right knee. Participants had to hold their
arms out horizontal in front of their body with their left arm at
45◦ and their right arm out in front. They had to hold their hands
with their palms facing down and their fingers straight. For the
lunge participants were required to step forward onto their left
foot holding their right leg back straight with their body upright;
arms horizontal in front of the body and palms facing down.

2This frequency of demonstration was in accordance with Weeks and Choi
(1992) who suggest that this number has been shown to be sufficient for the
performer to create an accurate depiction of the skill in their mind (also see,
Lawrence et al., 2011).
3Fédération Internationale de Gymnastique: The code of points for acrobatic
gymnastics 2009–2012. Fédération Internationale de Gymnastique, Suisse.
http://www.fig-gymnastics.org

Movement 1:
Standing

Movement 2:
Lunge

Movement 3:
Arabesque

Movement 4:
Jump & full turn

Movement 5: 
Standing

= Right Limb

FIGURE 1 | Schematic representation of the five separate gymnastic movements contained within the gymnastics floor routine.
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For the arabesque participants were required to stand on their
left leg, with their right leg behind, horizontal and straight, and
foot pointed. They then had to circle their right arm back until
straight behind the body, while holding the left arm horizontal
and straight in front of the body, before returning to standing
position. For the full turn participants were required to jump in
the air swinging their arms forward and overhead for momentum.
Participants had to turn their head in the direction of rotation
(right), pulling with the opposite shoulder and hips to execute a
360◦ turn in the air, before landing on two feet, with their arms
horizontal in front and palms facing down. The finish position
was identical to the starting position.

PROCEDURE
Participants were placed into one of two categories as defined by
their score on the VMIQ-2; high imagery ability (VMIQ-2 score <
26; 7 males, 13 females) and low imagery ability (VMIQ-2 score >
36; 5 males, 15 females). Participants within these categories were
then randomly assigned to one of two further subcategories. This
process resulted in four experimental groups; high imagery ability
and observational learning (HIA-OL; 4 males, 6 females), low
imagery ability and observational learning (LIA-OL; 3 males, 7
females), high imagery ability control (HIA-C; 3 males, 7 females)
and low imagery ability control (LIA-C; 2 males, 8 females).
Following group allocation all participants watched the video of
the gymnastic routine and immediately performed a pre-test that
consisted of one block of five trials of the gymnastics task.

Participants in the HIA-OL and LIA-OL groups then partici-
pated in a 14 day observational learning intervention whilst the
HIA-C and LIA-C groups acted as controls. Specifically, both
the HIA-OL and LIA-OL groups were required to return to the
gymnastics hall every day for a period of two weeks in order
partake in the observational learning intervention. This consisted
of watching the video clip of the expert gymnast 20 times on
each visit with a 30 second period between each clip presentation
(participants in the HIA-C and LIA-C groups did not receive an
intervention). Following this 14 day phase, all participants were
given a period of 1 day before performing a post test which was
identical in nature to that of the pre-test. Finally, participants were
asked to complete the VMIQ-2 for a second time.

DEPENDENT MEASURES AND ANALYSES
All trials were video recorded for analysis. Performance was
assessed independently by two experienced gymnastics judges
(British Gymnastic Association (BGA) area qualified (Welsh
Gymnastics) with 22 years experience and BGA club qualified
with 10 years experience, respectively) who were blind to both
the research hypotheses and experimental groups, and were not
present during testing. Participants were judged according to the
Fédération Internationale de Gymnastique Code of Points (2009)
for Women/Men Artistic Gymnastics (WAG/MAG). Judges were
asked to view the video recordings and award points for each
trial according to the criteria on the Code of Points, with marks
deducted for poor execution and errors. A maximum score of
10 points could be awarded for the whole routine (this was
a composite score for all five movements). In order to assess
reliability of judging, mean inter-judge reliability scores were

calculated and analyzed across all trials. The results of this analysis
revealed a significant correlation (r = 0.901, p < .001), suggesting
that participants’ performance was rated similarly across both
judges for each trial. Following this analysis, the mean of the two
independent judges scores were calculated for each trial for each
participant. These data were then used to calculate a single mean
for the 5 pre-test trials and a single mean for the 5 post-test trials.

To ensure there were no significant differences between the
performances of the groups prior to testing, the means of pre-test
performance data were submitted to a 4 group (HIA-OL, LIA-OL,
HIA-C, LIA-C) one way ANOVA. In order to assess the gymnastics
performance data and the imagery ability data VMIQ-2 separate
4 group (HIA-OL, LIA-OL, HIA-C, LIA-C) × 2 experimental
phase (pre-test, post-test) ANOVAs with repeated measures on
the second factor were conducted. Significant between-subject
effects were broken down using Tukeys HSD post hoc tests (p
< .05) while significant within-subject effects were broken down
into their simple main effects (p < .05).

RESULTS
PRE-TEST
The one-way ANOVA conducted on the pre-test gymnastics per-
formance data revealed a non significant between group differ-
ence, F(3, 36) = .53, p = .67 (HIA-OL mean = 3.16; HIA-C mean
= 2.56; LIA-OL mean = 3.10; LIA-C mean = 2.52). Thus any
performance differences at postest cannot be attributed to undue
variances between the groups.

GYMNASTICS PERFORMANCE
The analysis of the gymnastics performance data from pre-test to
post-test reported significant main effects for experimental phase
(F(1, 36) = 174.66, p < .001, ηp

2 = .83) and group (F(3, 36) =
4.99, p < .01, ηp

2 = .29), together with a significant experimental
phase × group interaction (F(3, 36) = 56.62, p < .001, ηp

2 = .83).
Breakdown of the interaction revealed that only those groups that
had experienced the observational learning intervention increased
their performance pre to post test (HIA-OL t(9) = −11.06, p <
.001, i − j = 3.06, d = 1.83, r = .67; LIA-OL t(9) = −6.39, p <
.001, i − j = 1.38, d = 0.82, r = .38), with this increase being sig-
nificantly greater in the high compared to the low imagery ability
group (see Figure 2). Specifically, whilst performance at pre-test
did not significantly differ between groups, performance at post-
test was significantly greater in the HIA-OL and LIA-OL groups
compared to the control groups, with performance in the HIA-OL
group (mean = 6.22, SD ± 1.71) being significantly greater than
that of the LIA-OL group (mean = 4.48, SD ± 1.65) (p < .05).

In order to corroborate the breakdown of the experimental
phase × group interaction, the pre to post test change score
was calculated for each group and submitted to a one way
ANOVA. Results revealed a significant difference between the
means (F(3, 39) = 56.62, p < .001), with Tukeys HSD indicating
significantly greater change scores in the HIA-OL group
compared to LIA-OL, HIA-C, and LIA-C groups (i − j = 1.68, p
= < .001, d = 2.15, r = .73; i − j = 2.54, p = < .001, d = 3.94, r
= .89: i − j = 3.18, p = < .001, d = 5.05, r = .93, respectively).
Furthermore, the change scores in the LIA-OL group were
significantly greater than those of both the HIA-C i − j = .86,
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FIGURE 2 | Gymnastics performance as a function of group (HIA-OL =
high imagery ability observational learning; LIA-OL = low imagery
ability observational learning; HIA-C = high imagery ability control;
LIA-C = low imagery ability control) and experimental phase.

p = .011, d = 1.66, r = .64) and LIA-C (i − j = 1.5, p = < .001,
d = 3.00, r = .83) groups. The control groups were not
significantly different to one another (i − j = 0.64, p = .082).

IMAGERY ABILITY (VMIQ-2)
Analysis of the VMIQ-2 data from pre to post test did reveal a
significant main effect of experimental phase (F(1, 36) = 17.12, p <
.001, ηp

2 = .32), and group (F(3, 36) = 154.13, p < .001, ηp
2 = .93),

with scores being significantly lower (indicative of better imagery)
post test (pre-test mean = 27.90, post test mean = 25.90) and, not
surprisingly, in the high compared to low imagery ability groups.
No interaction between the two factors (F(3, 36) = 2.20, p = .11,
ηp

2 = .16) was observed.

DISCUSSION
The present study examined the moderating role of imagery abil-
ity on the relationship between OL and performance. Because the
effects of OL on motor execution are a function of the visuo-
spatial representations developed during learning (Boutin et al.,
2012; Ellenbuerger et al., 2012; Hayes et al., 2012a,b) and that
the ability to produce vivid and realistic images impacts the
quality of visual representation in working-memory (Baddeley
and Andrade, 2000), we expected OL to be more beneficial to
learning for individuals with high, as opposed to low, imagery
ability.

Results revealed that the benefits of OL were significantly
greater for participants with higher levels of imagery ability.
Specifically, whilst only those groups that had experienced the
observational learning intervention increased performance from
pre test to post test, this increase was significantly greater in the
high compared to the low imagery ability group. These find-
ings indicate that the effectiveness of OL is indeed moderated
by the ability to produce a vivid image. Hayes et al. (2012a,b)
revealed that the absence of sensorimotor reafference during
action-observation enables actions to be represented in visual
spatial coordinates only. That is, because participants are at rest

during OL they are not directly afforded afferent information
from which to develop inverse models (i.e., information involved
in the planning and updating of future motor commands). How-
ever, despite these OL motor representation limitations, the reten-
tion performance (i.e., the exact repetition of the same observed
action) following an OL intervention is often similar to that
of actual practice (Boutin et al., 2012; Hayes et al., 2012a,b).
These results indicate that the direct visuo-spatial replication of
the observed movement pattern is possible regardless of whether
actual or observed practice interventions have previously been
followed. The performance findings of the present investigation
suggest that the visuo-spatial replications of the task are more
effectively developed in individuals with higher imagery ability.
Since visuo-spatial task replications are suggested to be utilized
for feed-forward control (Hikosaka et al., 1999) it appears that
action-observation developed feed-forward models of motor con-
trol are moderated by one’s ability to produce vivid images of
imagined actions. The same may also be true for the enhanced
somatosensory (Voisin et al., 2011) together with corticospinal
(Brighina et al., 2000; Aziz-Zadeh et al., 2002; Clark et al., 2004)
activity in the absence of actual motor activation during OL.
That is, the efferent copy development as a result of subliminal
activation of brain regions during OL (Voisin et al., 2011) may be
moderated by the imagery ability of the participant. Indeed, if OL
is due to somatosensory representation or corticospinal activity
alone, then one would not expect to observe greater benefits of OL
for individuals with high compared to low imagery ability. As such
is it likely that OL involves the development of processes involved
in efferent copy and visuo-spatial representation.

Hikosaka et al. (1999) propose that the acquisition of move-
ment patterns involves two distinct, simultaneously developing
phases of learning; a fast developing cognitive phase where move-
ments are coded in visual-spatial representations and a slower
developing phase where movements are coded in motor repre-
sentations. Since the OL benefits of the present investigation were
moderated by imagery ability, it is possible that the participants
with higher imagery ability were able to develop these cogni-
tive visual-spatial representations at a faster rate than their low
imagery ability counterparts. In support of this proposal, research
has indicated that the SMA, an area that has a dense population
of visual coding cells (Georgopoulos, 1991) and plays a critical
role in coding a motor response based on visual information
(Hayes et al., 2012b), demonstrates greater cortical activation
in OL and imagery interventions compared to OL interventions
alone (Macuga and Frey, 2012; Nedelko et al., 2012). As such,
the increased activation in the SMA associated with imagery
may result in more effective and/or faster coding of visual-spatial
representations allowing participants with high imagery abil-
ity to acquire the cognitive phase of Hikosaka et al. (1999)
model at a quicker rate than participants with low imagery
ability.

Whilst the current research adopted a 14 day OL intervention,
the total duration of the actual observation within this interven-
tion was approximately 140 min (i.e., 20 observations of ∼ a
30 second video per day). Since the present investigation suggests
that a possible mechanism for the moderating role of imagery
ability on the benefits of this intervention resides in participants
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developing faster cognitive visual-spatial representations, future
research should consider investigating whether longer OL inter-
ventions would see a gradual reduction in the moderating role of
imagery ability. This is in line with the proposal that the slower
developing motor code representation in Hikosaka et al. (1999)
model dominants over the visual-spatial representation later in
practice. In addition, research has suggested that the amount of
practice is thought to be a critical factor to determining when a
performer will move from a visuo-spatial to a motor represen-
tation for learning (Park and Shea, 2005; Kovacs et al., 2009).
Thus, when participants with high imagery ability have completed
enough practice to reach a stage where the motor representation
phase dominates, it is reasonable to conclude that the benefits of
the faster developed (in comparison to those with low imagery
ability) visual-spatial representation would be reduced. However,
that is not to say that the benefits of OL would be removed
following extensive levels of practice, indeed research has revealed
the opposite (Stefan et al., 2005; Ray et al., 2013), but rather that
the benefits associated with imagery ability would be reduced.

Recently, Williams and Cumming (2012) have also revealed
links between OL and imagery. Specifically, the researchers sug-
gest that individuals with high levels of imagery ability demon-
strate greater use of both imagery and OL compared to their low
imagery ability counterparts. Because the current investigation
did not adopt any manipulation checks it is possible that the
greater performance at post test of the HIA-OL compared to the
LIA-OL group is due in part to participants in the HIA-OL group
utilizing imagery during the 14 day OL intervention period. Since
it is widely accepted that the use of imagery enhances performance
(for a review see, Cumming et al., 2008), this strategy would likely
lead to increases in post-test performance. A second potential
limitation within the current experimental design is associated
with a possible attention effect within the control groups. That is,
participants in the HIA-C and LIA-C groups were not required to
visit the laboratory during the 14 day OL intervention. Although,

all participants were not explicitly aware of the number of groups
or the different treatments that the groups received, it is possible
that the choice not to include a placebo intervention for the
control groups may have resulted in an amotivating effect and a
reduction in post-test performance compared to the OL interven-
tion groups.

As well as performance effects, our data demonstrated
significant improvements in imagery ability as a result of the OL
intervention. While not the primary purpose of the study, these
findings do corroborate previous work (see Rymal and Ste-Marie,
2009). Given that imagery ability moderates the effectiveness
of imagery on human functioning, as well as OL, ensuring that
individuals intending to use these particular cognitive strategies
are able to image to a reasonable degree is paramount. Indeed,
recent work (e.g., Williams et al., 2013) has demonstrated how
imagery training programs can increase imagery ability, and
the present investigation provides another useful approach
to enhancing this important ability. Due to their apparent
simplicity (i.e., watching a demonstration/model) it may be
that OL interventions are particularly useful for developing the
imagery ability of individuals who have very poor imagery ability
or for various clinical populations (e.g., stroke), although this
suggestion is somewhat speculative.

To conclude, the present study demonstrates that imagery abil-
ity moderates the effectiveness of OL on the acquisition of a motor
sequence. The mechanism by which this benefit occurs is likely
due to increases in the activation of brain regions (e.g., SMA)
associated with the development of visuo-spatial representations
deemed particularly important for movement pattern acquisi-
tion early in learning (Kosslyn, 1994). This moderating role of
imagery ability on OL effectiveness is a novel finding, as such
future research should aim to collaborate these effects together
with explicitly elucidating the underlying mechanisms involved
in order to further advance our understanding of when and how
OL is most effective.

REFERENCES
Aziz-Zadeh, L., Maeda, F., Zaidel,

E., Mazziotta, J., and Iacoboni,
M. (2002). Lateralization in motor
facilitation during action observa-
tion: a TMS study. Exp. Brain Res.
144, 127–131.

Baddeley, A. D., and Andrade, J. (2000).
Working memory and the vividness
of imagery. J. Exp. Psychol. Gen. 129,
126–145.

Bergena, B. K., Lindsay, S., Matlock,
T., and Narayanand, S. (2007). Spa-
tial and linguistic aspects of visual
imagery in sentence comprehen-
sion. Cogn. Sci. 31, 733–764. doi: 10.
1080/03640210701530748

Boutin, A., Fries, U., Panzer, S., Shea,
C. H., and Blandin, Y. (2012). Role
of action observation and action
in sequence learning and coding.
Acta. Psychol. (Amst) 135, 240–251.
doi: 10.1016/j.actpsy.2010.07.005

Brighina, F., La Bua, V., Oliveri, M.,
Piazza, A., and Fierro, B. (2000).

Magnetic stimulation study dur-
ing observation of motor tasks. J.
Neurol. Sci. 174, 122–126. doi: 10.
1016/s0022-510x(00)00271-9

Bywaters, M., Andrade, J., and Turpin,
G. (2004). Determinants of the
vividness of visual imagery: the
effects of delayed recall, stimu-
lus affect and individual differ-
ences. Memory 12, 479–488. doi: 10.
1080/09658210444000160

Callow, N., and Roberts, R. (2010).
Imagery research: an investiga-
tion of three issues. Psychol. Sport
Exerc. 11, 325–329. doi: 10.1016/j.
psychsport.2010.03.002

Callow, N., Roberts, R., and Fawkes,
J. Z. (2006). Effects of dynamic
and static imagery on vividness of
imagery, skiing performance and
confidence. J. Imagery Res. Sport
Phys. Act. 1 , article 2. doi: 10.
2202/1932-0191.1001

Clark, S., Tremblay, F., and Ste-Marie,
D. (2004). Differential modulation

of corticospinal excitability dur-
ing observation, mental imagery,
and imitation of hand actions.
Neuropsychologica 42, 105–112.
doi: 10.1016/s0028-3932(03)
00144-1

Cui, X., Jeter, C. B., Yang, D., Mon-
tague, P., Read, E., and David,
M. (2007). Vividness of mental
imagery: individual variability can
be measured objectively. Vision Res.
47, 474–478. doi: 10.1016/j.visres.
2006.11.013

Cumming, J., and Ramsey, R. (2008).
“Imagery interventions in sport,” in
Advances in Applied Sport Psychol-
ogy: A Review, eds S. Mellaleiu and
S. Hanton (London: Routledge),
5–36.

Decety, J., Grezes, J., Costes, N.,
Perani, D., Jeannerod, M., Procyk,
E., et al. (1997). Brain activity
during observation of actions.
Influence of action content and
subject’s strategy. Brain 120, 1736–

1777. doi: 10.1093/brain/120.
10.1763

Ellenbuerger, T., Boutin, A., Blandin,
Y., Shea, C. H., and Panzer,
S. (2012). Scheduling obser-
vational and physical practice:
influence on the coding of sim-
ple motor sequences. Q. J. Exp.
Psychol. (Hove) 65, 1260–1273.
doi: 10.1080/17470218.2011.
654126

Elliott, D., Hansen, S., Grierson, L.
E. M., Lyons, J., Bennett, S. J.,
and Hayes, S. J. (2010). Goal-
directed aiming: two components
but multiple processes. Psychol.
Bull. 136, 1023–1044. doi: 10.1037/
a0020958

Filimon, F., Nelson, J. D., Hagler, D. J.,
and Serenoa, M. I. (2007). Human
cortical representations for reach-
ing: mirror neurons for execution,
observation, and imagery. Neuroim-
age 37, 1315–1328. doi: 10.1016/j.
neuroimage.2007.06.008

Frontiers in Human Neuroscience www.frontiersin.org September 2013 | Volume 7 | Article 522 | 151

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


Lawrence et al. Imagery ability moderates observational learning

Fourkas, A. D., Ionta, S., and Aglioti,
S. M. (2006). Influence of imag-
ined posture and imagery modality
on corticospinal excitability. Behav.
Brain Res. 168, 190–196. doi: 10.
1016/j.bbr.2005.10.015

Gangitano, M., Mottaghy, F. M., and
Pascual-Leone, A. (2001). Phase-
specific modulation of cortical
motor output during movement
observation. Neuroreport 12,
1489–1492. doi: 10.1097/00001756-
200105250-00038

Georgopoulos, A. P. (1991). Higher
order motor control. Annu. Rev.
Neurosci. 14, 361–377. doi: 10.
1146/annurev.ne.14.030191.002045

Gonzalez, M. A., Campos, A., and
Perez, M. J. (1997). Mental imagery
and creative thinking. J. Psychol.
131, 357–364.

Goss, S., Hall, C., Buckolz, E., and Fish-
burne, G. (1986). Imagery ability
and the acquisition and retention
of movements. Mem. Cognit. 14,
469–477. doi: 10.3758/BF03202518

Grezes, J., and Decety, J. (2001).
Functional anatomy of execution,
mental stimulation, observation,
and verb generation of actions: a
meta analysis. Hum. Brain Mapp.
12, 1–19. doi: 10.1002/1097-
0193(200101)12:1<1::aid-hbm10>
3.0.co;2-v

Guillot, A., Collet, C., Nguyen, V.
A., Malouin, F., Richards, C., and
Doyon, J. (2008). Functional neu-
roanatomical networks associated
with expertise in motor imagery.
Neuroimage 41, 1471–1483. doi: 10.
1016/j.neuroimage.2008.03.042

Guillot, A., Collet, C., Nguyen, V.
A., Malouin, F., Richards, C., and
Doyon, J. (2009). Brain activity
during visual versus kinesthetic
imagery: an fMRI study. Hum.
Brain Mapp. 30, 2157–2172. doi: 10.
1002/hbm.20658

Hardy, L., and Callow, N. (1999).
Efficacy of external and internal
visual imagery perspectives for
the enhancement of performance
on tasks in which form is impor-
tant. J. Sport Exerc. Psychol. 21,
95–112.

Hayes, S. J., Elliott, D., Andrew, M.,
Roberts, J., and Bennett, S. J.
(2012a). Dissociable contributions
of motor-execution and action-

observation to intermanual transfer.
Neurosci. Lett. 506, 346–350. doi: 10.
1016/j.neulet.2011.11.045

Hayes, S. J., Elliott, D., Andrew,
M., Roberts, J., and Bennett, S.
J. (2012b). Dissociable contri-
butions of motor-execution and
action-observation to intraman-
ual transfer. Exp. Brain Res. 221,
459–466. doi: 10.1007/s00221-012-
3188-3

Hegarty, M., and Kozhevnikov, M.
(1999). Types of visual-spatial
representations and mathematical
problem solving. J. Educ. Psychol. 91,
684–689. doi: 10.1037/0022-0663.
91.4.684

Hikosaka, O., Nakahara, H., Rand, M.
K., Sakai, K., Lu, X., Nakamura, K.,
et al. (1999). Parallel neural net-
works for learning sequential proce-
dures. Trends Neurosci. 22, 464–471.
doi: 10.1016/s0166-2236(99)
01439-3

Kosslyn, S. M. (1994). Image and Brain.
Cambridge, MA: MIT Press.

Kovacs, A. J., Muehlbauer, T., and
Shea, C. H. (2009). The coding
of movement sequences. J. Exp.
Psychol. Hum. Percept. Perform. 35,
390–407. doi: 10.1037/a0012733

Lawrence, G. P., Gottwald, V. M.,
Hardy, J., and Khan, M. A. (2011).
Internal and external focus of
attention in a novice form sport.
Res. Q. Exerc. Sport 82, 431–
441. doi: 10.1080/02701367.2011.
10599775

LeBoutillier, N., and Marks, D. F.
(2003). Mental imagery and creativ-
ity: a meta-analytic review study.
Br. J. Psychol. 94, 29–44. doi: 10.
1348/000712603762842084

Logie, R. H., Pernet, C. R., Buonocore,
A., and Della Sala, S. (2011). Low
and high imagers activate networks
differentially in mental rotation.
Neuropsychologica 49, 3071–3077.
doi: 10.1016/j.neuropsychologia.
2011.07.011

Macuga, K. L., and Frey, S. H. (2012).
Neural representations involved in
observed, imagined, and imitated
actions are dissociable and hier-
archically organized. Neuroimage,
59, 2798–2807. doi: 10.1016/j.
neuroimage.2011.09.083

Nedelko, V., Hassa, T., Hamzei, F.,
Schoenfeld, M. A., and Dettmers, C.

(2012). Action imagery combined
with action observation activates
more corticomotor regions than
action observation alone. J. Neurol.
Phys. Ther. 36, 182–188. doi: 10.
1097/npt.0b013e318272cad1

Ong, N. T., and Hodges, N. J. (2010).
Absence of after-effects for observers
after watching a visuomotor adap-
tation. Exp. Brain Res. 205, 325–334.
doi: 10.1007/s00221-010-2366-4

Park, J. H., and Shea, C. H. (2005).
Sequence learning: response struc-
ture and effector transfer. Q. J.
Exp. Psychol. A 58A, 387–419.
doi: 10.1080/02724980343000918

Ray, M., Dewey, D., Kooistra, L., and
Welsh, T. N. (2013). The relation-
ship between the motor system acti-
vation during action observation
and adaptation in the motor system
following repeated action obser-
vation. Hum. Mov. Sci. 32, 400–
411. doi: 10.1016/j.humov.2012.02.
003

Roberts, R., Callow, N., Hardy, L.,
Markland, D., and Bringer, J.
(2008). Movement imagery ability:
development and assessment of
a revised version of the vividness
of movement imagery question-
naire. J. Sport Exerc. Psychol. 30,
200–221.

Robin, N., Dominique, L., Toussaint,
L., Blandin, Y., Guillot, A., and Le
Her, M. (2007). Effect of motor
imagery training on service return
accuracy in tennis: the role of
imagery ability. Int. J. Sport Nutr.
Exerc. Psychol. 2, 175–186. doi: 10.
1080/1612197x.2007.9671818

Rymal, A. M., and Ste-Marie, D. M.
(2009). Does self-modeling affect
imagery ability or vividness? J.
Imagery Res. Sport Phys. Activ. 4,
1932–0191. doi: 10.2202/1932-
0191.1035

Stefan, K., Cohen, L. G., Duque, J.,
Mazzocchio, R., Celnik, P., Sawaki,
L., et al. (2005). Formation of a
motor memory by action observa-
tion. J. Neurosci. 25, 9339–9346. doi:
10.1523/jneurosci.2282-05.2005

Szameitat, A. J., Shen, S., Conforto,
A., and Sterr, A. (2012). Cortical
activation during executed, imag-
ined, observed, and passive wrist
movements in healthy volunteers
and stroke patients. Neuroim-

age 62, 266–280. doi: 10.1016/j.
neuroimage.2012.05.009

Voisin, J. I. A., Rodrigues, E. C., Hétu,
S., Jackson, P. L., Vargas, C. D., Mal-
ouin, F., et al. (2011). Modulation
of the response to a somatosensory
stimulation of the hand during
the observation of manual actions.
Exp. Brain Res. 208, 11–19. doi: 10.
1007/s00221-010-2448-3

Weeks, D. L., and Choi, J. (1992). Mod-
eling the perceptual component of
a coincident-timing skill: the influ-
ence of frequency of demonstration.
J. Hum. Mov. Stud. 23, 201–213.

Williams, S. E., and Cumming, J.
(2012). Athletes’ ease of imaging
predicts their imagery and obser-
vational learning use. Psychol. Sport
Exerc. 13, 363–370. doi: 10.1016/j.
psychsport.2012.01.010

Williams, S. E., Cooley, S. J., and Cum-
ming, J. (2013). Layered stimulus
response training improves motor
imagery ability and movement
execution. J. Sport Exerc. Psychol. 35,
60–71.

Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 02 June 2013; accepted: 13
August 2013; published online: 05
September 2013.
Citation: Lawrence G, Callow N
and Roberts R (2013) Watch me if
you can: imagery ability moderates
observational learning effective-
ness. Front. Hum. Neurosci. 7:522.
doi: 10.3389/fnhum.2013.00522
This article was submitted to the journal
Frontiers in Human Neuroscience.
Copyright © 2013 Lawrence, Callow and
Roberts. This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction
in other forums is permitted, provided
the original author(s) or licensor are
credited and that the original publication
in this journal is cited, in accordance
with accepted academic practice. No use,
distribution or reproduction is permit-
ted which does not comply with these
terms.

Frontiers in Human Neuroscience www.frontiersin.org September 2013 | Volume 7 | Article 522 | 152

http://dx.doi.org/10.3389/fnhum.2013.00522
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive
http://creativecommons.org/licenses/by/3.0/


ORIGINAL RESEARCH ARTICLE
published: 19 November 2013

doi: 10.3389/fnhum.2013.00790

Motor imagery ability in stroke patients: the relationship
between implicit and explicit motor imagery measures
Sjoerd de Vries1,2*, Marga Tepper3, Wya Feenstra3,4, Hanneke Oosterveld1, Anne M. Boonstra4 and
Bert Otten1

1 Centre for Human Movement Sciences, University Medical Centre Groningen, University of Groningen, Groningen, Netherlands
2 Research Centre for Health, Social Work & Technology, School of Applied Psychology, Saxion University of Applied Sciences, Deventer, Netherlands
3 Department of Rehabilitation Medicine, University Medical Centre Groningen, Groningen, Netherlands
4 ‘Revalidatie Friesland’ Centre for Rehabilitation, Beetsterzwaag, Netherlands

Edited by:
Magdalena Ietswaart, University of
Stirling, UK

Reviewed by:
Andrew Butler, Georgia State
University, USA
Sarah Williams, University of
Birmingham, UK

*Correspondence:
Sjoerd de Vries, Centre for Human
Movement Sciences, University
Medical Centre Groningen,
University of Groningen, PO Box
196, 9700 AD Groningen,
Netherlands
e-mail: devriessj@gmail.com

There is little consensus on how motor imagery ability should be measured in stroke
patients. In particular it is unclear how two methods tapping different aspects of the
motor imagery process relate to each other. The aim of this study was to investigate the
relationship between implicit and explicit motor imagery ability by comparing performance
of stroke patients and controls on a motor imagery questionnaire and a hand laterality
judgment task (HLJT). Sixteen ischemic stroke patients (36 ± 13 weeks post-stroke)
and 16 controls, matched by age (51 ± 10 years), gender (7 females) and handedness
(3 left-handed), performed a HLJT and completed a motor imagery questionnaire. Our
study shows that neither in the healthy controls nor in patients, a correlation is found
between the HLJT and the motor imagery questionnaire. Although the patient group
scored significantly lower than the control group on the visual motor imagery component
(U = 60; p = 0.010) and the kinesthetic motor imagery component (U = 63.5; p = 0.015)
of the questionnaire, there were no significant differences between patients and controls
on accuracy scores of the HLJT. Analyses of the reaction time profiles of patients and
controls showed that patient were still able to use an implicit motor imagery strategy in
the HLJT task. Our results show that after stroke performance on tests that measure two
different aspects of motor imagery ability, e.g., implicit and explicit motor imagery, can
be differently affected. These results articulate the complex relation phenomenological
experience and the different components of motor imagery have and caution the use of
one tool as an instrument for use in screening, selecting and monitoring stroke patients in
rehabilitation settings.

Keywords: motor imagery, rehabilitation, hand laterality, phenomenology, questionnaire, implicit, stroke

INTRODUCTION
The ability to imagine or simulate experiences is one of the most
extraordinary capabilities of our mind. At first glance, certainly
when our brain is intact, we do not realize that this capacity is
more complex than the single homogenous capacity of imagery
which we experience. Several studies have shown that mental
imagery is a multifaceted capacity involving a number of different
cognitive functions and brain areas (for a review see Kosslyn et al.,
2001). Visual and motor imagery for instance are known to be
linked with different neuronal subsystems and there is ample evi-
dence of individual differences in imagery ability (Galton, 1883;
Kosslyn, 1980; Richardson, 1994; Borst and Kosslyn, 2010). The
present study addresses a specific question relating to measuring
motor imagery ability in stroke patients, namely the question of
how measures of implicit and explicit motor imagery relate to
each other.

The use and explanation of the term motor imagery has led to
substantial confusion about what the exact definition of motor,
kinesthetic and visual imagery is and how these different per-
spectives are used by participants in practice. Classically motor

imagery was defined as either from an internal, first person,
perspective (as if someone was actually performing the imag-
ined movement) or an external, third person, perspective (as if
someone watched himself making the movement form outside of
his body). Considerable confusion arose whether internal kines-
thetic imagery should be dissociated from internal visual imagery
(see also Hardy, 1997; Roberts et al., 2008 for a discussion).
More recently, several researcher have concluded, independently,
that the kinesthetic and first person internal perspective are best
measured with a separate subscale in self-report questionnaires,
reflecting a consensus on a more differentiated approach to mea-
suring motor imagery ability (Roberts et al., 2008; Williams et al.,
2012).

The debate leading to the confusion focused for a large part
on the specific modalities in which movements could be imag-
ined. According to Moran et al. (2012) some researchers appear to
regard the use of the term kinesthetic motor imagery synonymous
with an internal perspective whereas others have shown that the
kinesthetic modality could also be experienced concurrently with
the use of a third person, external, perspective (Hardy and Callow,
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1999; Callow and Hardy, 2004). This latter position is in close
accordance with neuroscience research showing that although dif-
ferent networks in the brain are involved with kinesthetic and
visual imagery (see Jeannerod, 2001; Kosslyn et al., 2001 for a dis-
cussion) that these networks can also be activated simultaneously
and are inherently tied to each other (Klatzky, 1994).

Jeannerod, in an influential account on the organization of
action control in the brain, argued that representations that
are used in the control of motor functions were also used in
other cognitive domains, referring to motor imagery as a covert
stage of action control (Jeannerod, 1994). Jeannerod and Frak
defined motor imagery as “a subliminal activation of the motor
system, a system which appears to be involved, not only in pro-
ducing movements, but also in imagining actions, recognizing
tools, learning by observation or even understanding the behavior
of other people” (Jeannerod and Frak, 1999). More in particu-
lar, Jeannerod made a distinction between implicit and explicit
motor imagery. He defined explicit motor imagery as the phe-
nomenological experience where the feeling of the movement was
experienced consciously. Explicit motor imagery ability is often
measured with an introspective self-report such as the VMIQ-2,
the KVIQ and the MIQ-R, where the vividness, clarity or easy
with which the imagery is experienced is rated (Malouin et al.,
2007; Roberts et al., 2008; Gregg et al., 2010). In contrast with
explicit motor imagery, Jeannerod argued that motor imagery is
also used implicitly. Here the representations of the motor system
are used covertly, without awareness. Task relying on perceptually
driven motor decisions, for instance judging whether a depicted
hand is a left or a right hand, rely on the covert use of motor
images. Also, prospective action judgments, for instance judg-
ing whether a dowel is graspable with a particular grip style, are
examples of tasks relying on an implicit use of the motor system.

Characteristic of both forms of motor imagery in this account
is the fact that the neural structures underpinning motor imagery
share a remarkable neurological similarity with neural activity
during movement execution. First, several studies showed that
during imagination of a movement, more or less the same brain
areas are involved as during the actual execution of a movement
(Grèzes and Decety, 2001; Jeannerod, 2001; de Lange et al., 2005,
2008). Another similarity between execution and imagery of a
movement is the equality in the time needed to mentally and
physically perform the same movement (Decety and Jeannerod,
1995), a phenomenon known as mental isochrony. Further, there
are strikingly similar physiological changes during movement
imagination and actual performance (Guillot and Collet, 2005).

Interestingly, research into both forms of motor imagery, has
shown very similar evidence for this covert use of the motor
system in motor imagery. For instance, when asked to imag-
ine walking between two points, the duration of the imagined
walk is similar to time it would take to actual walk the same
distance (Decety et al., 1989), and also shows a similar activ-
ity in neural areas used for motor planning and control (Roth
et al., 1996). In the same regard, Parsons showed, when per-
ceptually driven motor decisions are made whether a depicted
hand is a left or a right hand [the hand laterality judgment task
(HLJT)], that the time to judge whether the depicted hand is
a left or right hand corresponds to the time it would take to

actually perform a rotation of the arm and wrist in the orien-
tation of the depicted hand (Parsons, 1987). Moreover, reaction
times also corresponded with the awkwardness of the movement,
biomechanical awkward movements took longer to complete, and
several researchers showed corresponding activity in the motor
areas of the brain when solving the HLJT (Parsons et al., 1995;
Vingerhoets et al., 2002). These studies show that the biomechan-
ical constraints and kinematic characteristics of actual movement
are reflected in the performance of both implicit and explicit
motor imagery measures. Therefore, it appears that implicit and
explicit motor imagery are supported by motor representations
of the motor system and that these processes seem to rely, at least
partly, on equivalent underpinning mechanisms.

There is also long known neuropsychological evidence show-
ing a dissociation between what can be consciously perceived and
visual-motor abilities after lesions (see Willingham, 1998 for a
discussion). For instance, in the visual-spatial domain, Milner
and Goodale (1995) studied a patient who had limited conscious
awareness of objects and was unable to recognize everyday objects
or identify simple shapes visually. The same patient showed nor-
mal visual-motor abilities. The patient was perfectly able to orient
a postcard correctly in line with a slit and was able to position
the hand and fingers optimally for grasping objects. Examples
of patients like the patient described by Milner and Goodale are
also part of an on-going discussion about the boundaries between
implicit and explicit memory. There is a large body of evidence
showing that there are substantial differences between implicit
and explicit learning and that these processes rely on different
brain systems, although evidence of a partly common mecha-
nism also exist (Dew and Cabeza, 2011). Moreover, it is now
evident that motor skills can be learned implicitly (Masters, 1992;
Jiménez and Méndez, 1999, 2001; Maxwell et al., 2003), even
after stroke (Pohl et al., 2001; Orrell et al., 2006) without being
consciously aware of what is learned. Moreover, in the domain
of visual imagery an interesting study of a patient is described
by Zeman et al. (2010) who rated himself as having almost no
subjective visual imagery experiences.

These findings are relevant for recent developments in the field
of rehabilitation. In the past decades motor imagery is increas-
ingly been recommended as an additional technique that can be
used for motor recovery in stroke rehabilitation (Jackson et al.,
2001; Sharma et al., 2006; de Vries and Mulder, 2007). Herein,
there has recently been an advocacy for the use of instruments to
assess motor imagery ability of patients before they enter reha-
bilitation programs where motor imagery is used (Jackson et al.,
2001; Braun et al., 2006, 2013 in this issue; de Vries and Mulder,
2007; Simmons et al., 2008) And, although a recent review has
shown that a large number of studies still do not use motor
imagery ability measures (Malouin et al., 2013 in this issue)
a number of them do and they include both implicit and as
well as explicit measures and there are also advances in devel-
oping instruments specific for the use in rehabilitation settings
(Malouin et al., 2007, 2009; Gregg et al., 2010; Butler et al.,
2012). However, there has been surprisingly little research about
how self-report questionnaires that assess the vividness or ease
of motor imagery ability relate to measures of implicit motor
imagery when administered to stroke patients. To date, there is no
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consensus which instruments should be part of a motor imagery
ability assessment and researchers use different instruments for
screening purposes. In some studies implicit measures are used,
others use only self-report questionnaires whereas others use a
mix of different methods for assessing motor imagery ability.
Given that lesions to the action system can affect implicit and
explicit cognitive processing differently (see Willingham, 1998;
Dew and Cabeza, 2011 for a discussion) shows that it is important
to establish what the relationship between measures for implicit
motor imagery ability and self-report rating is, particularly in the
stroke population.

A recent study by McAvinue and Robertson (2007) with young
healthy adults using a large test battery of motor and visual
imagery measures is one of the few studies which shed some
light on this issue. They showed that self-report ratings of motor
imagery ability and tests that measure implicit motor imagery
ability loaded onto different components, suggesting (in accor-
dance with Jeannerod) an implicit and explicit component for
motor imagery. In the same regard, Collet et al. (2011) have
noticed that individual performance on different measures for
motor imagery could vary and have made the suggestion that
motor imagery ability might be best measured by using a com-
bination score of different measures. However, these were studies
including healthy adults which makes it difficult to generalize
these findings to the stroke population. A study on stroke patients
by Schwoebel and Coslett (2005) did also show evidence for a
double dissociation between measures that require implicit judg-
ments and measures that require explicit judgments. However,
Schwoebel and Coslett did not include self-report ratings of the
subjective experience of motor imagery in their study.

Given the lack of studies in stroke patients on the relation-
ship between explicit self—report ratings and implicit measures
of motor imagery ability it is unclear how they relate to each
other. It could be that when a patient is impaired on one mea-
sure that he is also likely impaired on the other. However, the
research by McAvinue and Robertson (2007) and Schwoebel and
Coslett (2005) suggest that this need not be the case. Also, the
study of the patient described Zeman et al. (2010) showed that, in
the domain of visual imagery, the subjective experience of visual
imagery could be absent after brain injury. A better insight in
how implicit and subjective experience of explicit motor imagery
relate to each other could contribute to a consensus on how motor
imagery ability instruments can be used in the rehabilitation prac-
tice. Therefore, the aim of this study was to explore the prevalence
of implicit and explicit motor imagery ability impairments and
investigate the relationship between implicit and explicit motor
imagery ability by comparing performance of stroke patients and
controls on two different methods tapping both aspects of motor
imagery.

Phenomenological self-report ratings that measure the vivid-
ness or ease of motor imagery ability require a conscious explicit
judgment. Therefore, we used a motor imagery questionnaire,
the MIQ-RS (Gregg et al., 2010), for measuring explicit motor
imagery ability. A second method, perceptually driven motor
decision tasks requires an unconscious judgment from the partic-
ipant. Therefore, the HLJT was used for measuring implicit motor
imagery ability (Parsons, 1987). We used the MIQ-RS because

of the focus in this scale on items related to hand function-
ing. Thereby maximizing it’s similarity with the HLJT. A simple
choice reaction time task and a visual mental rotation task were
used to control for non-motor-imagery specific cognitive impair-
ments. With this setup we wanted to study what the prevalence
of impairments on these instruments was and study the relation-
ship between these measures of motor imagery ability is in stroke
patients. Based on the results of the neuropsychological studies
showing a dissociation between implicit and explicit cognitive
processes and the study of McAvinue and Robertson (2007) where
in healthy adults no correlation between the measures for implicit
and explicit motor imagery were found we expected that patients
would perform more poorly than controls on motor imagery tests
but that conscious awareness of the ease with which a move-
ment is imagined does not have to correlate with implicit motor
imagery ability.

MATERIALS AND METHODS
PARTICIPANTS
In total sixteen patients (7 female, mean age 51.06 ± 10.74 years,
3 left-handed, 7 right hemisphere lesions) recovering from an
ischemic stroke (36 ± 13 weeks ago) participated on voluntary
basis in this the study. The participants took part in this study as
part of a longitudinal study on monitoring motor imagery abil-
ity in stroke patients. Patients were recruited from stroke units of
two rehabilitation centers in the Netherlands, UMCG Beatrixoord
in Haren and Rehabilitation Friesland in Beetsterzwaag. A con-
trol group of sixteen healthy participants, matched by gender,
age (51.38 ± 10.03 years) and handedness (Oldfield, 1971), were
included. The ethical committee of the medical center of the
University of Groningen approved the study protocol and a writ-
ten informed consent was obtained from each participant before
entering this study. The major inclusion criteria were a unilat-
eral impaired motor function of the upper limb following stroke
[wrist dorsiflexion, MRC < 5 (Gregson et al., 2000)] and stroke
onset 16–52 weeks prior to participation in this study. Patients
were excluded when they had a history of repeated strokes,
severe cognitive dysfunction [MMSE < 24 (Folstein et al., 1975)],
severe receptive aphasia (inability to understand test instruc-
tions), neglect, visual problems, neurological disorders or comor-
bidity which could interfere with this study. Patients had to be
able to understand Dutch. Further, patients that participated in
another intensive study were not able to participate in this study.

INSTRUMENTS
Explicit motor imagery: motor imagery questionnaire
A motor imagery questionnaire based on the MIQ-RS was admin-
istrated as an explicit motor imagery task (Gregg et al., 2010).
The MIQ-RS was chosen because it includes items of functional
tasks specifically aimed at hand movements (e.g., grasp a glass,
push a door). Thereby, the items of the MIQ-RS correspond
closely to the HLJT. The MIQ-RS questionnaire is shown to be
a reliable and valid measure for motor imagery ability (Gregg
et al., 2010) and is developed specifically as an instrument for
the stroke population (Butler et al., 2012). Although the MIQ-RS
is specifically aimed at this population, some adjustments in the
protocol had to be made for administration in patients with more
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severe motor impairments. First, not all participants managed to
completely perform the movement physically because of the vari-
ability in motor function of the upper extremity and difficulties
of some patient to stand unsupported. Therefore, the test leader
demonstrated the movements that had to be imagined to the par-
ticipants. All participants performed the test in a sitting position.
Patients as well as controls performed this task procedure in the
same manner. To facilitate imagery from an internal first person
perspective the examiner took place next to the participant while
demonstrating the movement and participants were instructed to
imagine from a first person perspective. Second, in the original
MIQ-RS each action was administrated two times (from a first
person visual and a kinesthetic perspective), but in our study also
the non-dominant and dominant sides were assessed separately,
as is suggested by Malouin et al. (2007). Adherence to the goals
of the items in the questionnaire was checked by the examiner by
asking how the participant imagined the action by asking what
the person saw and felt.

Each item consists of the following stepwise procedure. First,
the participant was asked to assume the start position: sitting on
a chair with backrest and with their hands on their lap. Second,
the examiner sat on a chair in front of the participant and then
took place next to the participant and demonstrated a movement
supported by a verbal description of that movement. Third, the
experimenter took place in front of the participant and partici-
pants were asked to close their eyes and imagine either seeing or
feeling as clear and vivid as possible the just demonstrated move-
ment. In the last step of each item, the participant had to rate their
experience of the ease/difficulty they could imagine the move-
ment on an ordinal rating scale from 1 (very hard to feel/see) up
to 7 (very easy to feel/see) from the visual and the kinesthetic per-
spective (For a detail description of the used items, instructions
and protocol see Gregg et al., 2010).

Implicit motor imagery: computerized imagery task
We used a computerized task that consisted of three parts; a sim-
ple choice reaction time task, a visual imagery task and a HLJT.
During the computer test, all participants sat in front of a laptop
screen in a chair with a backrest. All participants started with the
simple choice reaction time task. The visual imagery task and the
HLJT were randomized between participants. In all three tasks,
two types of stimuli were presented on the computer screen. The
participants had to react as fast and accurate as possible on these
stimuli by pressing the left or right button on a response box
(Psychological Software Tools, Pittsburgh, PA). The stimulus dis-
appeared from the screen when the participant pressed the button
or when the stimulus was presented for 10 s. The responses were
given with the hand of the unaffected limb. Their matched con-
trols executed the task with the same hand regardless of their
hand dominance to control for confounding effects. For each
task performance was assessed by calculating the average response
time (in milliseconds) and the accuracy (percentage of correct
responses). Before the start of each test, the participant had the
opportunity to practice the task in a block of 48 stimuli. The visual
imagery task and the HLJT each contained a total 216 stimuli,
divided in three blocks of 72 stimuli with a short break period
between the blocks.

Simple choice reaction time task. A simple choice reaction time
task was included to control whether simple reaction time was
affected in stroke patients. The HLJT is based on time isochrony
and therefore it is important to control whether a latency in reac-
tion time on the HLJT is the result of impaired motor imagery
ability instead of a more general impaired reaction time. The
participants had to react to two types of presented stimuli, an
“O” or “X,” by pressing respectively the left or right button on
a response box.

Hand laterality judgment task. Implicit motor imagery was
assessed with a HLJT (Parsons, 1987). Participants had to deter-
mine the laterality of a rotated hand presented on the computer
screen. The hands were shown from the backside or palm side of
the hand. The stimuli of presented hands were rotated at six dif-
ferent angles, covering the full circle at a spacing of 60◦ (0, 60, 120,
180, 240, 300◦). The orientation of the hand with fingers pointing
upward was defined as an angle of 0◦. Participants had to react to
these stimuli by pressing the button (left or right) corresponding
to the laterality of the hand. The participants were not allowed
to rotate their hand or look at their own hand during this task.
Adherence to this task procedure was carefully controlled by the
experiment leader, who was present during the whole experiment.

Visual imagery task. The visual imagery task (de Lange et al.,
2005) was included in this study to control whether the partic-
ipants performance on the HLJT was related to visual imagery
ability. Stimuli of mirror-reversed and regular capital alphabetic
characters, “R” and “F,” were presented on the computer screen.
The characters were rotated at the same angles (0, 60, 120, 180,
240, 300◦) as stimuli in HLJT. The orientation when the “R” or
“F” was upright was described as an angle of 0◦. Participants had
to decide as fast and accurate as possible whether the letter was a
mirror-reversed or a normal letter by pressing respectively the left
or right button on the response box.

Brunnström Fugl-Meyer scale
The arm-hand function of the affected limb was administrated
with the Brunnström Fugl-Meyer scale (BFM) (Fuglmeyer et al.,
1975). The Fugl-Meyer scale is shown to be a reliable and valid
tool for the evaluation of motor recovery in stroke patients
(Gladstone et al., 2002). This test is used in clinical settings for
determining reflexes, movement, coordination and speed of the
upper extremity. Each item could be scored with 0–2 points on
an ordinal scale (0 = no movement possible; 1 = impaired move-
ments possible; 2 = movements possible). A total score was inside
a range of 0–60 points, because reflexes were not examined in this
study.

Utrecht arm/hand Test
The Utrecht Arm/hand Test (UAT) is a clinical measure to obtain
the arm-hand function of patients (van Reenen et al., 2001). The
items of this test are scored on an ordinal scale where eight items
represent the following function of the upper limb: a-functional
arm (score 0); flexion-synergy (score 1), first distal selectivity
(score 2), wrist dorsal flexion (score 3), hook grip (score 4), cylin-
der grasp (score 5), tweezers grasp (score 6), and clumsy hand
(score 7).

Frontiers in Human Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 790 | 156

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


de Vries et al. Motor imagery ability after stroke

PROCEDURE
The testing procedure was similar for all participants. The assess-
ment took place in a quiet room in one of the rehabilitation
centers or at home. The measurement started with the com-
puterized imagery tasks. This was followed by the examination
of the motor function. Finally, the MIQ-RS questionnaire was
completed by the participants.

DATA ANALYSIS
For the computer task, mean reaction times of correct responses
and mean accuracy scores of responses with a latency between
350 and 10.00 ms were calculated and included in the analysis.
First analyses revealed no differences between stimuli or items
of the affected or the non-affected limb in patients and there-
fore left and right stimuli were grouped together for both the
questionnaire as well as for the computer task. First a reliabil-
ity analysis was done for the visual and kinesthetic component
of the adapted MIQ-RS. Then total mean scores were calculated
for the visual and kinesthetic components of the adapted MIQ-
RS. In accordance with Page et al. (2001), who used a cut-off
of 25 (on a maximum of 56 on the original MIQ-R scale), a
mean score on one of the subscales below section Differences
in Imagery Ability Between Patients and Controls was consid-
ered as low imagery ability. Because of non-normal distributed
data, non-parametric tests were used for analysis. The differ-
ence between the control and the patient group was determined
with a Mann-Whitney U test, with α < 0.05. To control whether
individual patients differed significantly on the computer task
from the control group, a modified T-test with α < 0.05 was
used (Crawford and Howell, 1998). The relationship between
the MIQ-RS, HLJT, visual imagery task, BFM, and UAT was
calculated with a Spearman correlation coefficient. Finally, to
determine which strategies were used by the patients and the
control group, separate repeated measures ANOVAs were per-
formed on the RTs for the HLJT and the visual imagery task.
To determine whether participants still use a motor strategy
in solving a motor imagery task the stimuli were collapsed in
sets of comfortable (medial) and awkward (lateral) orientations
resulting in two within-participants factors for the ANOVA:
biomechanical orientation (awkward, comfortable) and rotation
(60, 120◦), and with group (patients, controls) as a between-
subjects factor. A corresponding ANOVA setup was also used
for the visual imagery task with alphanumeric character ori-
entation (clockwise, anticlockwise) and rotation (60, 120◦) as
within-subject factors, and with group (patients, controls) as a
between-subjects factor. All data were analyzed with IBM SPSS
version 17.0.

RESULTS
INTERNAL RELIABILITY
Cronbach’s alpha for the visual motor imagery subscale of the
MIQ-RS was high with α = 0.98 for the patient group, and
α = 0.95 for the control group. Cronbach’s alpha for the kines-
thetic motor imagery subscale of the MIQ-RS was also high with
α = 0.98 for the patient group, and α = 0.98 for the control
group.

DIFFERENCES IN IMAGERY ABILITY BETWEEN PATIENTS AND
CONTROLS
Patient group vs. control group
Table 1 shows the results on the questionnaire and HLJT for the
group of patients and the group of controls. Patients scored sig-
nificantly lower on both, the visual motor imagery component
(U = 60; p = 0.010) and the kinesthetic motor imagery compo-
nent (U = 63.5; p = 0.015) of the MIQ-RS compared to controls.
In the simple choice reaction time task, the reaction time did not
differ significantly between the group of patients and controls
(U = 24; p = 0.200). Also the accuracy on this task was simi-
lar for both groups (U = 105.5; p = 0.355). The patients reacted
slower on the visual imagery task (U = 68; p = 0.024) as well as
on HLJT (U = 58; p = 0.008) compared to the control group. No
significant differences between patients and controls were found
on the visual imagery accuracy score (U = 93.5; p = 0.189) and
the accuracy score on the HLJT (U = 111.5; p = 0.532).

Individual patients vs. control group
The individual score of patients on the questionnaire, hand lateral-
ity task and the BFM and UAT are shown in Table 1. Six out of the
16 patients (37.5%) scored below the cut-off on the visual imagery
component of the questionnaire indicating impaired visual motor
imagery ability. Eight patients (50%) scored below the cut-off on
the kinesthetic imagery component of the questionnaire indicat-
ing impaired kinesthetic imagery ability. Three patients scored
lower on the kinesthetic component without scoring lower on
the visual component of the MIQ-RS (patients 5, 13, and 16).
One patient, patient 14 scored lower on the visual component of
the motor imagery scale without scoring lower on the kinesthetic
component. A significantly lower reaction time than the control
group was found for two patients in the simple choice reaction
time task, two patients in the visual motor imagery task, and three
patients in the HLJT. Patient 2 (see Table 1) scored significantly
below the mean reaction time of the control group on all three
tasks. Two of the 16 patients had significantly lower accuracy scores
both on the visual imagery task and HLJT. Two patients showed
less accurate responses independently on the visual imagery task
and one patient only on the HLJT. Only one of the patients with
low accuracy scores on one of the computerized imagery tasks
scored at around chance level (patient 5). All other patients scored
well above chance on the computerized imagery tasks.

CORRELATION BETWEEN THE QUESTIONNAIRE, THE HAND
LATERALITY TASK AND THE VISUAL IMAGERY TASK
The Spearman correlation coefficients between MIQ-RS and the
computerized imagery task for the groups of controls and patients
are respectively shown in Tables 2, 3. No significant correlation
was found between the scores on the components of question-
naire and hand laterality task or visual imagery task for patients or
controls. A significant positive correlation between the visual and
kinesthetic motor imagery component of the questionnaire was
found in both groups. This was the only significant correlation
between imagery measures in patients. There were no significant
correlations between measures for implicit and explicit motor
imagery in both groups. Table 2 shows, for the control group, a
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Table 1 | Scores (mean/SD) on the MIQ-RS and hand laterality task, the object identification task and the visual imagery task for the group of

controls and patients and the individual patient scores for the UAT and BFM (N = 16).

MIQ-RS SCT VIT HLJT UAT BFM

V K RT ACC RT ACC RT ACC

Controls 5.9 (1.0) 4.9 (2.0) 479 ± 86 98 ± 3 903 ± 249 97 ± 3 1704 ± 564 93 ± 5

Patients 4.0 (2.1)* 3.1(2.1)* 523 ± 95 98 ± 2 1118 ± 227* 94 ± 7 2568 ± 902* 89 ± 1

1 7.0 7.0 470 96 1275 100 4873* 94 7 60

2 1.1+ 1.0+ 698* 100 1574* 93 3322* 93 3 31

3 2.9+ 1.6+ 579 96 830 99 2368 87 6 59

4 1.0+ 1.0+ 378 98 981 96 1560 96 7 59

5 4.9 1.7+ 554 100 1493* 93 1827 39* 7 60

6 4.8 5.1 494 96 1301 96 2525 93 7 55

7 4.4 4.0 685* 98 1034 89* 1866 91 7 58

8 6.3 5.2 496 96 968 77* 2462 78* 7 60

9 5.4 5.4 540 96 1120 83* 3414* 81* 6 35

10 1.9+ 1.0+ 563 98 1194 88* 1632 99 0 0

11 6.2 5.8 445 98 799 99 1505 98 7 58

12 3.6 3.6 421 100 863 100 2565 94 0 2

13 6.0 1.0+ 658 100 1074 98 2560 98 4 34

14 1.6+ 3.4 470 100 964 100 2311 94 6 55

15 1.1+ 1.2+ 421 98 1303 97 3755* 97 7 59

16 6 2.0+ 500 100 1112 94 2536 92 7 60

SCT, Simple choice task; VIT, Visual Imagery Task; HLJT, Hand Laterality Judgment Task; V, visual motor imagery component (score); K, kinesthetic imagery

component (score); RT, reaction time (ms); ACC, accuracy (% correct responses).
*Significantly different compared to the control group.

+Below the cut-off score.

high significant positive correlation between the accuracy of the
HLJT and visual imagery task. The positive correlation between
the reaction time of implicit HLJT and the visual imagery task
was also significant in the control group. The reaction time on the
visual imagery task was negatively correlated with the accuracy
on the same task in the control group. No significant correlation
was found between the UAT and BFM and the different types of
imagery. The UAT and BFM did correlate significantly with each
other.

REACTION TIME ANALYSIS
A repeated measures ANOVA on the reaction time scores of the
HLJT showed a main effect of orientation, with F(1, 30) = 13, 78,
p < 0.01, rotation, with F(1, 30) = 40, 24, p < 0.001 and a signif-
icant interaction between orientation and group, with F(1, 30) =
5, 58, p < 0.05, rotation and group, with F(1, 30) = 7, 62, p <

0.05 and between orientation and rotation, with F(1, 30) = 4, 20,
p = 0.05. Post-hoc analysis showed that patients were significantly
slower than controls on lateral, more awkward, orientated stim-
uli of hands than on medial orientations with the same extend
of rotation. Analysis of the reaction times of the visual imagery
task only showed a main effect of rotation with F(1, 30) = 96, 13,
p < 0.001. No further main or interaction effects were found for
the visual imagery task.

DISCUSSION
With this study we wanted to explore the prevalence of implicit
and explicit motor imagery ability impairments and investigate

the relationship between implicit and explicit motor imagery
ability measures in stroke patients. Patients in this study scored
significantly below controls on both the visual and the kinesthetic
component of the adapted MIQ-RS. However, they did not differ
significantly from the control group on the accuracy scores of the
HLJT or the visual imagery task. More importantly, our results
showed that there is discrepancy between performance of stroke
patients on the explicit and implicit motor imagery tasks. The
results from this study showed no significant correlations between
the HLJT and the MIQ-RS. Neither in stroke patients, nor in age
matched controls, a significant correlation between implicit and
self-reported explicit motor imagery ability was found. To our
knowledge this the first time that a divergence between results
on a phenomenological explicit motor imagery measure and an
implicit motor imagery measure is shown in stroke patients.

Our results show that the subjective experience of the ease of
imagining a movement does not have to be related to implicit
motor imagery ability after stroke. These results are in line with the
model of overt and covert action simulation and the distinction
therein between explicit and implicit motor imagery proposed
by Jeannerod (2001). The results are also in close accordance
with the study of McAvinue and Robertson (2007) where also
no correlation between implicit and explicit motor imagery was
found. However, in the study of McAvinue and Robertson (2007)
only healthy adults were included. In our study we extend these
results by showing that also in stroke patients no correlation
is found between the phenomenological experience of motor
imagery and the performance on implicit motor imagery ability.
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Table 2 | Spearman correlations between the questionnaire, hand laterality task visual imagery task of controls (N = 16).

Questionnaire Hand laterality task Visual imagery task

V K RT ACC RT ACC

Questionnaire V 1

K 0.50* 1

Hand laterality task RT 0.00 −0.13 1

ACC 0.35 0.26 −0.27 1

Visual imagery task RT −0.15 −0.06 0.86** −0.48 1

ACC 0.32 0.20 −0.37 0.67** −0.53* 1

V, visual motor imagery component (score); K, kinesthetic imagery component (score); RT, reaction time; ACC, accuracy.
*p < 0.05 **p <0.01.

Table 3 | Spearman correlations between the questionnaire, the hand laterality task and the visual imagery task of patients (N = 16).

Questionnaire Hand laterality task Visual imagery task Motor function

V K RT ACC RT ACC BFM UAT

Questionnaire V 1

K 0.69** 1

Hand laterality task RT 0.14 0.15 1

ACC −0.23 −0.32 −0.10 1

Visual imagery task RT −0.13 −0.25 0.42 −0.11 1

ACC −0.04 0.10 0.14 0.43 −0.37 1

Motor function BFM 0.38 0.30 −0.04 −0.45 0.02 −0.02 1

UAT 0.33 0.42 −0.16 −0.27 0.08 −0.09 0.83** 1

V, visual motor imagery component (score); K, kinesthetic imagery component (score); RT, reaction time (ms); ACC, accuracy % correct responses).
**p < 0.01.

In the light of the recent advocacy for screening for motor imagery
ability in motor-imagery based rehabilitation programs (Jackson
et al., 2001; Braun et al., 2006, 2013 in this issue; de Vries
and Mulder, 2007; Simmons et al., 2008) these results have an
important clinical implication. Our study shows that by selecting
patients on the basis of subjective reports only, researchers could
risk excluding patients that might still have intact motor imagery
ability. Therefore, a screening procedure where different imagery
measures are used seems more appropriate for the use of screening
stroke patients in motor-imagery based rehabilitation programs.

We used the MIQ-RS as a measure for the vividness of
explicit motor imagery ability. We chose the MIQ-RS specifically
because of the items in this questionnaire focus on arm and hand
movements, thereby maximizing the relationship with the HLJT.
However, although the MIQ-RS has shown to be a reliable and
valid measure for motor imagery ability (Gregg et al., 2010) and is
also developed specifically for use in the stroke population (Butler
et al., 2012) we did make some adjustments to the protocol that
could have influenced our results. Because not all stroke patients
were able to complete all movements physically, all participants
had to watch a demonstration of the intended movement instead
of performing the movement themselves. Therefore, we cannot
be sure that all participants did indeed use an internal motor
imagery strategy. It could be that by observing a demonstration
of the movements our participants were more inclined to imagine
movements from an external perspective.

Indeed, a recent study (Williams et al., 2011) showed that
observation of movements could facilitate the ease with which
movements are imagined. In their study observation of a move-
ment shortly before a participant had to imagine a movement led
to higher MIQ scores only when the perspective of the observed
and to be imagined movement were congruent with each other.
Hence, it could be that in our set-up with the experiment leader
sitting next to the participant that participants were more inclined
to use an external perspective and as such may have experienced
more difficulty imagining the movement from the first person
perspective. However, the test conditions were the same for con-
trol participants. Therefore, we believe this could hardly explain
the differences found on the MIQ-RS in our study. For follow up
studies, to better control for these issues, it would be better to use
the MIQ3. The MIQ-RS, as is also pointed out by Roberts et al.
(2008), cannot distinguish between the internal and an exter-
nal visual motor imagery perspective. In the new version of the
MIQ-RS, the MIQ3 (Williams et al., 2012), external, internal and
kinesthetic components are assessed separately.

Williams et al. (2011) also showed that motor experience
could influence how easily a movement is imagined. Although, in
our study we controlled for this by following the same protocol
for control participants and patients it could be that differ-
ences in motor experience still had an influence on the ease
with which movements could be imagined. Control participants,
unlike patients, clearly have had more chance at performing
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these movements more recently and more frequently than stroke
patients. This could have resulted in lower scores in stroke
patients compared to controls. However, our scores were simi-
lar to that of other studies. We showed a high internal reliability,
comparable to those of the original questionnaire (Gregg et al.,
2010). Moreover, we did see a difference between the visual and
kinesthetic scale, the visual imagery score was higher than the
kinesthetic imagery score, both in stroke patients as well as in
healthy controls. These results are comparable to studies with
the original MIQ-RS and point to a certain degree of sensitiv-
ity to dissociate between visual and kinesthetic imagery ability
(Butler et al., 2012). Also, a study by Confalonieri et al. (2012)
showed comparable scores to our results in a neuroimaging study
of stroke patients where the MIQ-RS was also used.

It could be that our patients adopted different strategies than
controls for solving the HLJT. For instance, a recent study with
stroke patients by Daprati et al. (2010) showed that patients
can in some cases adopt alternative strategies, for example use
a visual imagery strategy, for solving the HLJT. However, in our
study patients, like controls, showed longer reaction times for
biomechanical awkward stimuli and this effect was not seen on
the reaction time distributions of the visual imagery task. The
longer reaction times for more awkward orientations indicate that
patients and controls employed the same strategy in the HLJT and
that indeed implicit motor imagery was used.

Interestingly, when looking at the individual patients our
results are somewhat heterogeneous. Seven patients reported that
it was hard to feel the imagined actions whereas scoring well above
chance on the HLJT. Five of these patients also found it hard
to imagine seeing the imagined action indicating simultaneous
impairment of visual and kinesthetic motor imagery. However,
one patient (patient 5) also showed an interesting pattern of
results. This patient was selectively impaired on the kinesthetic
component of the adapted MIQ-RS. Moreover, this patient scored
at around chance level on the HLJT. This patient’s performance
on the HLJT could not be explained by mental slowing because
performance on the simple choice task was normal. This patient
also scored well above chance on the visual imagery task, suggest-
ing intact visual-spatial capacity. The fact that his kinesthetic abil-
ity was selectively below the cut-off score simultaneously with a
selective impairment on the HLJT without showing other imagery
deficits suggests that to some extent correspondence between con-
scious experience and implicit ability of motor imagery is also
possible after stroke.

At the same time the heterogeneous results in our patients
show that the assessment of motor imagery ability in stroke
patients is a complex task. The patients that found it very hard
to imagine movements might not be able to benefit from men-
tal practice because of the emphasis in mental practice on wilful
conscious modulation of motor imagery. On the other hand, this
might suggest that these patients, because of their intact implicit
motor imagery ability, might still benefit from probing the action
system covertly, for instance by observing actions or implicit
learning. Given the recent research results on the differences
between implicit and explicit learning (see Dew and Cabeza, 2011
for a discussion) makes this question certainly seem worthwhile to
explore in more detail. In this respect Holmes and Calmels (2008)

have reviewed potential problems for motor imagery based men-
tal practice in the sport setting and have suggested that with an
observation based approach some aspects of the covert use of our
action system can be better controlled, a direction possibly also
worth exploring further in the domain of stroke.

Most motor imagery instruments are originally developed en
validated in young healthy populations. For instance, although
the original developers of the MIQ-RS adapted the instrument for
use in a rehabilitative setting (Butler et al., 2012), there are only
a few studies reporting results using the new MIQ-RS with stroke
patients. Stroke patient are a far more heterogeneous population
than the healthy young adults and this makes interpretation of
the results of motor imagery instruments in stroke patients dif-
ficult. This is particularly important because in stroke patients
the severity and extend of the hemiparesis can be complicated
by the presence of neuropsychological deficits in these patients.
Deficits in working memory, apraxia, depression, motivational
problems, (motor) neglect and anosognosia are all know in some
instances to complicate the hemiparesis (Gialanella and Mattioli,
1992; Paolucci et al., 1996; Pohjasvaara et al., 2002; Malouin et al.,
2004) and it is likely that the same is true for performance on
motor imagery measures, explicit and implicit.

For instance Malouin et al. (2004) showed that performance
of motor imagery practice is related to working memory capac-
ity. Furthermore, recent studies on neglect after stroke show
a more differentiated picture of different forms and types of
neglect. For instance, motor neglect is often under recognized
but can influence motor performance (Punt and Riddoch, 2006)
and patients can have neglect selectively for near space (periper-
sonal) as well as for far space (extrapersonal) and for specific
modalities (see Halligan et al., 2003 for a discussion). The notion
of neglect affecting extrapersonal and peripersonal space dif-
ferently is akin to the dissociation between first person and
third person imagery. A limitation of our study is that we
screened patients for neglect, however, we did not control for
all the different types of neglect leaving open the possibility
that more specific neglect types were undetected and influenced
the patients test outcome. In the same regard, other specific
neuropsychological deficits could influence motor imagery test
performance and the possibilities for and adherence with men-
tal practice regimes. Future studies that systematically study
the relationship of neuropsychological disorders with motor
imagery ability could greatly enhance our knowledge in this
respect.

Another limitation of our study was that we only used two
measures for motor imagery. By including other type of measures,
such as mental chronometry tasks, prospective action judgment
task and also including phenomenological self-reports that are
aimed at measuring other subjective components of the imagery
process we could be able to further our understanding of how
the different components of motor imagery ability relate to each
other. A better understanding of the type of impairment of
the action system by using different methods and instruments
ranging from implicit to explicit, self-rating, physiological, neu-
ropsychological and chronometric instruments, could potentially
lead to a better differentiated treatment tuned to the patients
characteristics in particular.
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Conclusively, our study shows that in stroke patients implicit
and explicit motor imagery can be differently affected. The sub-
jective experience of the ease of imagining a movement does not
have to be related to implicit motor imagery ability after stroke.
Given the recent advocacy for the use of screening instruments to
assess motor imagery ability of patients before they enter rehabil-
itation programs (Braun et al., 2006, 2013 in this issue; Malouin
et al., 2013 in this issue) these results have an important clini-
cal application and suggest that screening procedures based solely
on subjective instruments could risk excluding patients whose
motor imagery ability might still be intact. Our results articulate
the complex relationship between the phenomenological con-
scious experience of motor imagery and use of motor imagery
in individual patients and caution the use of one tool as an
instrument for use in screening, selecting and monitoring stroke
patients.
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Background: For patients with central nervous system (CNS) lesions and sensorimotor
impairments a solid motor imagery (MI) introduction is crucial to understand and use MI to
improve motor performance. The study’s aim was to develop and evaluate a standardized
MI group introduction program (MIIP) for patients after stroke, multiple sclerosis (MS),
Parkinson’s disease (PD), and traumatic brain injury (TBI).

Methods: Phase 1: Based on literature a MIIP was developed comprising MI theory
(definition, type, mode, perspective, planning) and MI practice (performance, control).
Phase 2: Development of a 27-item self-administered MIIP evaluation questionnaire,
assessing MI knowledge self-evaluation of the ability to perform MI and patient
satisfaction with the MIIP. Phase 3: Evaluation of MIIP and MI questionnaire by 2
independent MI experts based on predefined criteria and 2 patients using semi-structured
interviews. Phase 4: Case series with a pre-post design to evaluate MIIP (3 × 30 min)
using the MI questionnaire, Imaprax, Kinaesthetic and Visual Imagery Questionnaire, and
Mental Chronometry. The paired t-test and the Wilcoxon signed-rank test were used to
determine significant changes.

Results: Data of eleven patients were analysed (5 females; age 62.3 ± 14.1
years). Declarative MI knowledge improved significantly from 5.4 ± 2.2 to 8.8 ± 2.9
(p = 0.010). Patients demonstrated good satisfaction with MIIP (mean satisfaction score:
83.2 ± 11.4%). MI ability remained on a high level but showed no significant change,
except a significant decrease in the Kinaesthetic and Visual Imagery Questionnaire score.

Conclusion: The presented MIIP seems to be valid and feasible for patients with CNS
lesions and sensorimotor impairments resulting in improved MI knowledge. MIIP sessions
can be held in groups of four or less. MI ability and Mental Chronometry remained
unchanged after 3 training sessions.

Keywords: motor imagery introduction program (MIIP), CNS lesion, sensorimotor impairments, mental practice,
stroke, multiple sclerosis, Parkinson’s disease

INTRODUCTION
Motor imagery (MI) is defined “as a dynamic state, during which
the representation of a given motor act is internally rehearsed
within working memory without any overt motor output”
(Decety and Grezes, 1999). It is assumed that action planning,
action preparation, action simulation, and action observation
share similar neuronal substrates (Decety and Grezes, 1999).

MI as a technique to improve motor performance and func-
tion has evolved in sports psychology (Start, 1964), where a
positive effect of MI training on motor performance had been
confirmed (Casby and Moran, 1998; Smith et al., 2001; Guillot
et al., 2010). More than 20 years ago, MI as a therapeutic con-
cept has been implemented into neurorehabilitation for patients
with sensorimotor impairments. The idea was to have an addi-
tional instrument besides the classical therapies to re-establish
motor function (Warner and McNeill, 1988). The advantage
for patients has been the opportunity to train affected body

parts already at an early stage of rehabilitation, when physi-
cal movement was not yet possible. As an additional advantage
patients have been able to train safely in absence of a therapist,
and to fill spare time in the clinical routine with an effective
intervention.

Since the beginning of this millennium, a growing body of
research has been conducted to test the efficacy of MI inter-
ventions in neurorehabilitation (Barclay-Goddard et al., 2011;
Schuster et al., 2011). So far, results of this research have been
ambiguous (Ietswaart et al., 2011; Braun et al., 2012; Schuster
et al., 2012a), likely due the following reasons: the number of
patients included in the majority of studies has been too small
to draw solid conclusions, and the heterogeneity between patient
characteristics and intervention designs was too large to allow
for meaningful comparisons. Furthermore, it is difficult to assess
MI objectively due to its “concealed nature” (Guillot and Collet,
2005; Malouin et al., 2008a) and comparison of study results
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is hampered due to different MI ability assessment tools used
(Malouin et al., 2008b; Schuster et al., 2010).

There is consensus, that MI interventions are cognitively
complex and challenging (Braun et al., 2008; Bovend’eerdt
et al., 2010; Ietswaart et al., 2011; Schuster et al., 2012b).
Different frameworks for clinical implementation and practice
have been published (Braun et al., 2008; Bovend’eerdt et al.,
2010). Furthermore, a single MI training session can vary in dif-
ferent elements, such a position, location, and instruction type
(Schuster et al., 2011). The twenty different MI training session
elements, described in the literature (Schuster et al., 2011), were
developed based on the PETTLEP approach published by Holmes
(2001). Some of these elements are highly abstract and require a
certain level of cognitive ability to be understood by patients or
study participants. For example, MI can be rehearsed in different
sensory modalities, such as kinesthetic or visual (Schuster et al.,
2011). Furthermore, the patient can take an internal and external
perspective (Schuster et al., 2011). Thus, without a clear and stan-
dardized introduction or familiarization, MI can be interpreted
and practiced in different ways by researchers, study participants,
or patients. This could jeopardize the validity of study results and
the outcome of therapeutic interventions.

Despite the awareness of the complexity of MI (Heremans
et al., 2012; Madan and Singhal, 2012), so far little attention
has been paid to the introduction and familiarization process of
patients or study participants to the concept of MI prior to a MI
intervention. Only 19 of 133 studies included in the literature
review about best practice in MI by Schuster et al. mentioned an
introduction or familiarization element as part of their MI inter-
vention (Schuster et al., 2011). None of these studies examined
the introduction or familiarization as an independent MI train-
ing session element. In the absence of a standardized introduction
or familiarization session prior to an MI intervention, it could be
hypothesized that patients and study participants lack important
information that would help them to understand the complexity
of MI. This may lead to decreased compliance and to a feeling
of excessive demands (Bovend’eerdt et al., 2010; Schuster et al.,
2012b). Therefore, it is essential that patients or study partici-
pants are carefully introduced to the concept of MI before they
are tested or start with MI training programs. To improve MI
understanding and the basic MI performance skills declarative
and procedural knowledge have to be transferred (Annett, 1996).
Declarative knowledge involves “knowing the rule,” whereas pro-
cedural knowledge focuses on “applying the rule” (Nickols, 2010).
This knowledge might enable patients or study participants to
complete MI assessment tests based on reliable knowledge and to
start MI training. A solid basis that allows generating comparable
data is equally important for clinical practice as for research inter-
ventions. In other fields such as low back pain and endodontic,
standardized programs for knowledge transfer have been devel-
oped and evaluated and have shown to be effective for knowledge
increase (Meng et al., 2009; Sorrell et al., 2009; Foltran et al.,
2012).

Therefore the aim of this study was the development and the
evaluation of a MI introduction program (MIIP) to familiarize
patients with sensorimotor impairments due to central nervous
system (CNS) lesion with the concept of MI, to transfer important

knowledge and therefore, to improve the understanding of the
MI concept, to teach basic MI skills, and to increase the self-
perception of the skill to perform MI. Our hypothesis was that
MIIP would increase patient knowledge about MI, improve self-
perception of the skill to perform MI and result in a good overall
satisfaction with MI. Furthermore, it was of interest whether such
a pre-training program would change MI ability.

METHODS
The project was divided into four phases: (1) MIIP develop-
ment, (2) MIIP questionnaire development, (3) Pre-evaluation
of the MIIP and the MIIP questionnaire, and (4) Evaluation
of the MIIP in a patient pilot trial. An overview of the com-
plete study process is shown in Figure 1. The study was approved
by the local ethics committee (Ethikkommission Kanton Aargau
Switzerland, Reference number: 2012/050) and was conducted in
accordance with the Declaration of Helsinki and Good Clinical
Practice guidelines. The study was conducted in a neuroreha-
bilitation center in Northwestern Switzerland and study patients
were recruited from the clinic internal database according to their
diagnosis.

PHASE 1: DEVELOPMENT OF THE MOTOR IMAGERY INTRODUCTION
PROGRAM (MIIP)
The objective of this phase was the development of a standard-
ized MIIP in German to improve declarative and procedural
knowledge about MI in patients with CNS lesions and senso-
rimotor impairments. To reach this aim, two main issues were
regarded as important. First, the content of the program had to
be based on published literature and on current best MI prac-
tice. Secondly, the collected information had to be presented in a
form appropriate for patients with CNS lesions and sensorimotor
impairments with the intention to support the knowledge transfer
process.

To find out more about current introduction practice, a
content analysis and data extraction regarding the details of
the MI training session element familiarization was performed
for all 19 studies in the review by Schuster et al. (2011)
that mentioned a familiarization or introduction session prior
to the investigated MI intervention (Clark, 1960; Van Gyn
et al., 1990; Etnier and Landers, 1996; Shambrook, 1996; Casby
and Moran, 1998; Smith et al., 2001; Dickstein et al., 2004;
Kornspan et al., 2004; Liu et al., 2004a; Reiser, 2005; Sidaway
and Trzaska, 2005; Dunsky et al., 2006; Yoo and Chung, 2006;
Immenroth et al., 2007; Braun et al., 2008; Bovend’eerdt et al.,
2009, 2010; Malouin et al., 2009; Hemayattalab and Movahedi,
2010). Subsequently, the corresponding authors of these 19
studies were contacted and asked to provide detailed infor-
mation about their introduction or familiarization protocol,
respectively. Nine authors responded (Sonnenschein, 1990; Casby
and Moran, 1998; Dickstein et al., 2004; Liu et al., 2004b;
Sidaway and Trzaska, 2005; Dunsky et al., 2006; Braun et al.,
2008; Bovend’eerdt et al., 2010; Hemayattalab and Movahedi,
2010) and three of them provided additional information
(Casby and Moran, 1998; Liu et al., 2004b; Sidaway and
Trzaska, 2005) that was also analyzed. Furthermore, a search
for new literature in PubMed using the terms [Motor AND
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FIGURE 1 | Study phases.

imagery AND familiarization] and [mental AND practice AND
familiarization] for the period of 2010/5 to 2011/12 was done,
which revealed no additional studies except the one by Schuster
et al. (2011).

The theory of teaching psychology was employed for two rea-
sons (Marzano, 1988; Klauer and Leutner, 2012a,b): (1) To ensure
that the structure and the instruction mode of the MIIP would
support the processing and retrieval of the collected informa-
tion in patients with CNS lesions and sensorimotor impairments
and (2) to increase patients’ level of declarative and procedural
MI knowledge. A combination of a meaningful verbal form of
learning defined by Ausubel and a discovering form of learning
defined by Brunner was chosen (Edelmann and Wittmann, 2012).
This approach supports motivation and active engagement. For
the MIIP this meant that old but unconscious experience with
MI in the study patients had to be discovered and linked to new
knowledge and that the program had to start with simple top-
ics progressing to more complex tasks at the end. Based on the
collected information and the clinical expertise in the neurore-
habilitation center a first draft of the MIIP was developed and
reviewed by two external experts of the MI field. Eventually, the
final MIIP was modified based on their comments and will be
described in the following section.

The motor imagery introduction program (MIIP)
The MIIP consists of three introduction/familiarization ses-
sions of 30 min each. The sessions can either be provided as
group or single patient intervention. For motivational (Gauthier
et al., 1987) and economic reasons the group format is to
be preferred. To allow individualized instructions, a maxi-
mum of four participants per group is recommended. The

program is designed for patients with sensorimotor impair-
ments such as stroke, Parkinson’s disease (PD), multiple sclerosis
(MS), and traumatic brain injury (TBI). To meet the cogni-
tive demands of the program, patients are required to have a
mini-mental state examination (MMSE) Score of more than
20 points and must be capable of reading and understanding
German.

The program comprises MI theory (definition, type, mode,
perspective, planning) and MI practice (performance, control). In
each session, information is presented using power point presen-
tations. All the three sessions have the same structure to simplify
orientation. To ensure standardized sequences, detailed informa-
tion for the instructors is included for each slide. Instructors have
to be either physiotherapists or occupational therapists with at
least 2 years of work experience with patients with sensorimo-
tor impairments as well as profound knowledge and experience
with MI. Depending on group size only a minimum of mate-
rial is required: a room for group meetings with a table and
chairs, a computer with a beamer, stopwatches, pencils, cups,
and drinking water. An additional instructor manual provides
detailed information about the goal of the program, inclusion
criteria for participants, theoretical MI background, required MI
knowledge of the staff, format and material used, as well as the
media and preparation required for each session. Furthermore,
the manual includes an overview table for each session, showing
the content and the underlying theory for each slide in chrono-
logical order. A minimum of preparation time before/after each
session is required.

Session 1. First the study patients learn, that the goal of the
MIIP is to familiarize them with the concept of MI and that the
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MIIP serves as a standardized pre-training before individualized
MI training in combination with classical therapy starts. Study
patients learn that MI is the ability to mentally simulate actions
and movements; that this ability has been used in sports as a
technique to improve motor performance for a long time and
that over the last two decades this concept has become more and
more popular in neurorehablitation. They learn that the concept
is widely used in clinical routine, but still lacks sound scientific
evidence. They learn how MI is believed to function in a very sim-
plified manner. Study patients are prompted to link this theory to
their own (preferably positive) experiences and a first standard-
ized practical MI exercise is performed: lifting up a cup from the
table and bringing it to the mouth and drink. Afterwards, study
patients are asked to repeat this exercise until the next session.
To support their MI practice, an instruction sheet describing the
home exercise is provided. At the end of each session a summary
is given to consolidate the new knowledge.

Session 2. At the beginning there is a brief repetition of the
content of the previous session. Then, study patients have the
opportunity to share their experiences with their home exercises.
In the theoretical part of session two, patients learn that MI in
neurorehabilitation is used as an additional therapy to the clas-
sical active therapies. They also learn that the goal of MI is to
increase motor performance and that MI is a possible treatment
technique for all patients who have a basic ability to perform
MI. They learn that MI can be performed everywhere as soon
as the technique is mastered even in the absence of a therapist.
They learn that the technique is not physically exhausting, but
that they need to be alert and be able to concentrate to the men-
tal representation of a given movement or action. Then the terms
“modality” and “perspective” are introduced and explained with
pictures and rehearsed practically. With the new knowledge, the
exercise instructed in session one is repeated and the patients
now have the possibility to share their own perceptions. At this
point a second movement is chosen by the patient and individ-
ualized according to his situation. Each study patient receives a
second instruction sheet describing his individualized exercise.
Session two is concluded with a summary of the new session
content.

Session 3. The session starts with a repetition and sharing of
experiences at the beginning and a summary of the new con-
tent at the end of the session. In the theoretical part of session
three the patients learn that MI can be used throughout the day,
whenever the time is right for the patient and that no special
material is needed. They learn more about details of the pro-
cess, such as starting- and endpoint of an imagined movement, as
well as the necessity to control the mental process. Furthermore,
patients learn about and experience different qualities of these
mental representations and how they can be described. With the
new knowledge, patients have the opportunity to mentally prac-
tice their individualized exercise. At the end of session three there
is time for group reflection and a short summary of the most
important components of the program: the what, who, where,
when and how of MI. A summary of the content of each session
is provided in Table 1.

Table 1 | Content summary of each MIIP session.

Nr. Theory Practical
exercises

Assignment

1 • Overview of the content
• What MI is
• How MI works
• Since when MI is being used

in NR
• Summary at the end of the

session

• Link to own
experience

• First
standardized
exercise

Instruction
sheet with
standardized
exercise

2 • Repetition and sharing of
experience

• MI goals in NR
• Who can benefit from MI
• Where and how MI can be

executed
• Terms “perspective” and

“modality” are introduced
• Summary at the end of the

session

• Repetition of
standardized
exercise

• Individualized
exercise

Instruction
sheet with
individualized
exercise

3 • Repetition and sharing of
experience

• When MI can be used
• Material needed
• Starting- and endpoint of one

MI trial
• Necessity to control the

mental process
• Group reflection and

summary

• Practice of
individualized
exercise

NR, neurorehabilitation; MI, motor imagery.

PHASE 2: DEVELOPMENT OF THE MIIP-EVALUATION-QUESTIONNAIRE
(MIIP-EQ)
The objective of Phase 2 was the development of a self-
administered, paper-based questionnaire in German as an instru-
ment to evaluate the MIIP that was developed in Phase 1.
Based on literature about program evaluation and questionnaire
construction (Bühner, 2006; Clasen, 2010), and after a content
analysis of the MIIP, a first draft of the MIIP-EQ was developed
consisting of three parts: A, B, and C. Part A was designed to
assess declarative knowledge, part B to assess procedural knowl-
edge with the self-perception of the skills to perform MI, and part
C to assess patient-satisfaction. For part C the “Zufriedenheit-8”
questionnaire (ZUF-8), an existing questionnaire about patient
satisfaction with 8 items in German served as information source
(Schmidt et al., 1989). Six questions could be adopted with minor
modifications and four more MIIP specific questions were added.
For all the three subscales, items in form of questions were devel-
oped: part A: 16 items, part B: 10 items, part C: 15 items. For
face validity, the same two external experts, who had reviewed the
MIIP, also evaluated the preliminary MIIP-EQ collection of items
regarding their relevance and to delete or add items if necessary.
Based on the results of the external reviewing process and on own
clinic expertise, the MIIP-EQ draft was modified and finalized:
part A: 12 items, part B: 5 items, part C: 10 items.
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In the final version, part A of the MIIP-EQ consisted of 12
multiple-choice questions. For each of the questions, four answers
were given (one correct and three false). Each correct answer
received a score of 1, for a wrong answer the score was 0. This
resulted in a total knowledge score of 12 if all answers were cor-
rect (range 0–12). Three questions tested basic knowledge about
MI, such as the meaning of MI, the goal of MI and MI processing
in the brain in a simplified manner. Two questions asked about
the practical execution of MI. Three questions focused on modal-
ity and perspective, and one question tested possible terms used
to describe the quality of perceived MI. A further question evalu-
ated knowledge about mental chronometry and time equivalence
when performing MI compared to physical practice. The content
of the individual questions is presented in an abbreviated form
in Table 2. For the evaluation of the knowledge transfer process
the minimal score level to be sufficient was set at eight to ten
(60% to 87%) correct answers. Twelve and eleven correct answers
were regarded as excellent (88% to 100%). Seven or less correct
answers were regarded as insufficient (< 60%). This was in accor-
dance with the censoring model proposed by Klauer and Leutner
(2012a,b).

Part B of the MIIP-EQ consisted of five questions regarding
different aspects of the skill to perform MI, e.g., during therapy

Table 2 | MIIP-EQ part A: correct answers per item for all study

patients.

Item-Nr. MIIP-EQ part A: Number of correct

items asked answers n (%)

Abbreviated answer
content

Pretest Posttest

1 Meaning of the term MI 7 (63.6%) 8 (72.7%)

2 Meaning of the term modality 3 (27.3%) 7 (63.6%)

3 Different qualities of MI
modality: kinesthetic/visual

1 (9.1%) 9 (81.8%)

4 Meaning of the term MI
perspective: internal/external

1 (9.1%) 5 (45.5%)

5 Description of the quality
of MI

3 (27.3%) 10 (90.9%)

6 Simplified theory about the
mechanism of MI

4 (36.3%) 7 (3.6%)

7 Goal of MI 10 (90.9%) 11 (100%)

8 Correct performance of one
MI trial

7 (63.6%) 9 (81.8%)

9 Different phases of MI per
trial: planning, execution,
controlling

6 (54.5%) 5 (45.5%)

10 MI ability after central
nervous system lesion

6 (54.5%) 6 (54.5%)

11 Advantages and benefits
of MI

10 (90.9%) 9 (81.8%)

12 Definition of mental
chronometry

1 (9.1%) 8 (%)

MI, motor imagery; MIIP-EQ, motor imagery introduction program evaluation

questionnaire.

sessions or at home. The patients were asked to evaluate their
self-perception on an ordinal ranked unipolar six point Likert
scale. The anchors were “very low” at the left end and “very
good” at the right end. The total score of part B was 25 points
(range 0–25).

Part C of the MIIP-EQ was only part of the post assessment
and evaluated the participants’ satisfaction with the MIIP. The
study patients could rate their satisfaction with the MIIP on
an ordinal ranked unipolar six point Likert scale. The anchors
were “not at all satisfied” and “very satisfied.” Originally, this
part consisted of ten questions. Due to an incorrect formulation
problem, one question had to be excluded during the analysis.
The total score of the revised part C was therefore 45 points
(range 0–45). An accept satisfaction level was set at 80% of

the maximum
(

Patient satisfaction = patient score
maximal possible score ∗ 100

)
,

in accordance with literature on measuring patient satisfaction
(Wüthrich-Schneider, 2000).

PHASE 3: PRE-EVALUATION OF MIIP AND MIIP-EQ
The objective of Phase 3 was to test the understandability of the
MIIP and the MIIP-EQ in two pilot study patients. Inclusion cri-
teria were sensorimotor impairments such as stroke, PD, MS,
TBI, age older than 18 years, a MMSE score of more than
20 and the capability of reading and understanding German.
Exclusion criteria were the presence of more than one of the
above-mentioned diagnoses and previous experience with MI.
Two inpatients met the inclusion criteria, one with MS, and one
patient after stroke. After receiving oral and written information
about the pre-evaluation and signing an informed consent form,
they underwent the MMSE screening and were then included.
In two separate single subject sessions (1.5 h per session), the
study patients were introduced to MIIP and the MIIP-EQ draft.
After each session, a semi-structured interview was conducted,
covering the following areas: comprehensibility of the entire MIIP
and MIIP-EQ, as well as comprehensibility of each MIIP slide and
of MI specific terms after explanation. The answers were recorded
and written notes were taken. The study patients had mainly com-
ments regarding technical terms. They felt overwhelmed by the
amount of MI specific terminology. Based on this information
the drafts of the MIIP and the MIIP-EQ were revised. All tech-
nical terms, which were not absolutely necessary for patients or
study participants in order to understand MI, were replaced by
plain language terms.

PHASE 4: EVALUATION OF THE MIIP
The objective of the last phase was to evaluate the MIIP in a pilot
trial. Our hypothesis was that MIIP would (a) increase the declar-
ative knowledge about MI, (b) improve procedural knowledge
about MI measured with the self-perception of the skill to per-
form MI, and (c) result in a good overall satisfaction with The
MIIP. Furthermore, it was of interest whether such a program
would change MI ability.

Study patients
The study was conducted at the rehabilitation center Rheinfelden.
Between October and December 2012, inpatients as well as
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outpatients from the clinic were invited to participate in the
study according to their diagnoses. The same eligibility criteria
as in the pre-evaluation (Phase 3) were applied. After receiving
oral and written information and signing the informed consent
form, 12 study patients were screened for meeting inclusion crite-
ria/eligibility. All 12 study patients were eligible and underwent
pretest assessment. Information about age, gender, educational
level, duration of the impairments, living situation, dominant and
affected side and other therapies was recorded. One study patient
did not complete the study due to a norovirus infection. His data
was not included in the final data analysis. Eleven study patients
underwent posttest assessment.

Procedure
Different parameters regarding MI were assessed before and after
the MIIP. In study week 1, the study patients were screened and
underwent pretest assessment. All assessments were performed by
two physiotherapists, which had been trained by an MI expert
of the clinic. In study week 2, the MIIP, consisting of 3 × 30 min
introduction sessions (as described above in the “program devel-
opment” section) was conducted. After finalization of MIIP in
study week 2 or 3 all posttest assessments were performed by
two physiotherapists, who had not been involved in the instruc-
tion of the MIIP. Approximately 1.5 h were used for pre-and
post-assessments. Additionally, patients’ comments regarding the
MIIP were noted/recorded in an open unstructured form. Due to
recruitment the first group consisted of 3 participants, the second
of 1 participant, the third of 3, the fourth of 2 and the fifth of 3
participants (n = 12).

Outcome measures
The primary outcome and secondary outcomes and correspond-
ing measures are described in Table 3.

The MIIP-EQ is described in detail in Phase 2 “development
of the MIIP-Evaluation-Questionnaire (MIIP-EQ)” mentioned
above.

The KVIQ has specifically been developed for patients after
stroke (Malouin et al., 2007) and was re-validated after transla-
tion into German for patients with sensorimotor impairments
(Schuster et al., 2010). To assess MI ability, the KVIQ-G 20 mea-
sures both the perceived clarity and the perceived intensity of a
given movement during imagination in a standardized way using
a visual and a kinesthetic subscale. Patients have to imagine a set
of standardized movements, involving the whole body and each
side of the body. The movement is demonstrated once by the
assessor. After a single execution of the movement, patients are
asked to take an internal perspective, to imagine the movement
and to rate the clarity and intensity of each mental picture on a 5
point-Likert-scale (clarity: 1 = “no image,” 5 = “image as clear as
actually seeing it”; intensity: 1 = “no sensation,” 5 = “as intense
as performing the movement”). The KVIQ exists in a short and
a long version, with 10 questions (KVIQ-G 10) or 20 questions
(KVIQ-G 20), respectively (maximum score: 100 points; range
20–100 points). To calculate subscale scores as well as the total
score, the values of 10 specified items for each subscale (visual
and kinesthetic) are summed up.

Imaprax-G is a standardized, computer and video based test
to assess MI ability. It has specifically been developed for patients

Table 3 | Primary and secondary study endpoints and corresponding

outcome measures.

Primary study endpoint Primary outcome measure

Change of declarative
knowledge about MI

Part A of the MIIP-EQ: Knowledge score (max.
score 12 points, range 0–12 points, 6-point
Likert scale)

Secondary study
endpoints

Secondary outcome measures

Change of procedural
knowledge about MI

Part B of the MIIP-EQ: self-perception of MI
performance skills (max. score 25 points,
range 0–25 points, 6-point Likert scale)

Study patient
satisfaction with MIIP

Part C of the MIIP-EQ (max. score 45 points,
range 0–45 points, 6- point Likert scale)

Change in the MI ability KVIQvis-G 20 and KVIQkin-G 20 (max. score 50
points, range 10–50 points for each subscale)
Imaprax-G vividness total score
(Imaprax-Software, Version 1.1) (max. score 42
points, range 6–42 points)

Change in mental
chronometry ratio

Change in the time congruence between the
time needed to imagine a specific movement
and the time needed to actually perform the
same movement, expressed as:
ratio = I=time to imagine the movment (s)

E=time to execute the movement (s)

MIIP, motor imagery introduction program; MIIP-EQ, motor imagery introduc-

tion program evaluation questionnaire; KVIQ, kinesthetic and visual imagery

questionnaire; G, German.

with apraxia after stroke (Fournier, 2000) and was re-validated
after translation into German (Schuster et al., 2010). The test
consists of six upper limb gestures presented in different video
sequences. For each gesture, the understanding, the clarity of
the mental representation of the movement, and the perspec-
tive taken are assessed. The clarity can be rated on a 7 point
Likert scale, ranging from 1 (vividness worse than in all of the
presented video sequences) to 7 (vividness better than in all
of the presented video sequences, maximum score 42 points,
range 6–42 points).

Mental chronometry is a reliable and valid instrument to
measure the congruency between the time needed to imagine
a specific movement and the time needed to actually perform
the same movement (Malouin et al., 2008b). A high MI ability
results in an almost perfect congruence and a ratio close to 1.
For standardization the following movement was chosen: “grasp
a cup, lift it up, and bring it to the lips,” because all the included
study patients were able to perform this movement. Each study
patient had three attempts. For each attempt, first, the move-
ment was performed and then the image of the same movement
was generated. With a stopwatch the assessor measured the time
needed to perform the movement and the time needed to per-
form the imagination in seconds. Study patients indicated the
beginning and the end of each imagined movement by nodding
their heads.
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STATISTICS
For all analyses the Statistical Package for the Social Sciences
(SPSS, IBM Inc.) version 20 was used. Patient characteris-
tics and baseline data were analyzed using descriptive statis-
tics. Differences between pre- and posttest results were com-
pared using the following statistical tests for depended data: (1)
Parametric data with a normal distribution (assessed with the
Kolmogorov-Smirnov-Test) were analyzed using the paired t-
test (Part A of the MIIP-EQ). (2) Non-parametric data (Part
B and C of the MIIP-EQ, Imaprax and KVIQ) and not nor-
mally distributed data (mental chronometry) were tested using
the Wilcoxon signed-rank test. The level of significance was set at
p = 0.05.

RESULTS
DEMOGRAPHICS
The demographics of the study patients are reported in Table 4
and an overview over the raw scores is given in Table 6.

PRIMARY OUTCOME: IMPROVEMENT OF DECLARATIVE KNOWLEDGE
ABOUT MI AFTER THE MIIP: (MIIP-EQ PART A)
The declarative knowledge score improved significantly from
5.4 ± 2.2 to 8.8 ± 2.9 (p = 0.010). The mean difference was
3.5 ± 3.6 (min −3, max +10) points. Nine study patients could
improve their knowledge after the MIIP. Only one patient showed
a negative result (difference −3 points) and one showed no
change in declarative knowledge. Four study patients achieved
excellent results with 11 or 12 correct answers. Three study
patients achieved sufficient results with 9 or 10 correct answers.
Four study patients showed insufficient results with 7 or less cor-
rect answers. The numbers of correct answers per item for all
study patients is given in Table 5. An overview on the individ-
ual study patient results in the pretest- and posttest assessment is
provided in Table 6. Statistical results are provided in Table 7.

SECONDARY OUTCOMES
Change of procedural knowledge about MI after the MIIP (MIIP-EQ
part B)
The procedural knowledge about MI measured with the elf-
evaluation of the MI performance skill (MIIP-EQ, part B)
changed non-significantly from 16.2 ± 4.3 to 18.5 ± 2.4
(z = −0.721, p = 0.47). The mean increase was 2.3 ± 5.6 points
(range from −2 to +16). Five study patients rated their skill to
perform MI in the posttest assessment lower than in the pretest
assessment (difference −2 in 3 study patients, difference −1 in

Table 4 | Demographics.

Patient number (n = 11) Mean/SD

Gender (female/male) f = 5

Age (years) 62.3 ± 14.2

More affected body side (right/left) r = 4

Duration of impairments (months) 111 ± 142

MMSE 28.4 ± 1.5

MMSE, mini-mental state examination score.

2 study patients) and one study patient showed no change. An
overview of the results for each study patient is displayed in
Table 6. Statistical results are provided in Table 7.

Study patient satisfaction with the MIIP (MIIP-EQ part C)
The mean total satisfaction score was 37.5 ± 5.2 (range 28–44)
or 83.2 ± 11.4%, i.e., above the level of 80% defining good sat-
isfaction. Interestingly, the two study patients with the lowest
MMSE also showed the lowest satisfaction score with the MIIP.
An overview of the results for each study patient is shown in
Table 4. The mean satisfaction score per item is reported in
Table 5.

KVIQ-G 20
There was no significant change in the visual subscale of the
KVIQ-G 20 (z = −1.424, p = 0.153). The kinesthetic subscale of
the KVIQ-G 20 decreased significantly (z = −2.004, p = 0.045).
Results of the KVIQ-20 for each study patient are shown in
Table 6. Statistical results are provided in Table 7.

Imaprax-G
There was no significant change in the vividness score
(z = −0.341, p = 0.733). All results for each study patient are
shown in Table 6 and an overview over the statistical results is
reported in Table 7.

Mental chronometry
There was no significant change in mental chronometry
(z = −0.178, p = 0.86). At pretest, mean time to perform MI
was 3.3 ± 2.1 s (range 1.5–8.6 s). Mean time to physically perform

Table 5 | Patient satisfaction scores of MIIP part C (possible

range 0–5).

Item-Nr. Abbreviated content mean ± SD
(n = 11)

% of
maximum

1 Satisfaction with the overall
quality of the MIIP

3.8 ± 0.9 76

2 Satisfaction with the
fulfillment of expectations

3.8 ± 1.0 76

3 Satisfaction with the
organization of the MIIP

4.0 ± 0.5 80

4 Satisfaction with the
comprehensibility of the MIIP

4.6 ± 0.7 92

5 Perceived stress during the
MIIP: No stress = 5/high
stress = 0

4.6 ± 0.7 92

6 Satisfaction with degree of
individualization during the
MIIP

4.4 ± 0.7 88

7 Satisfaction with MI ability
after the MIIP

4.2 ± 1.0 84

8 Emotional well-being during
the MIIP

4.2 ± 1.0 84

9 Willingness to practice with
MI after the MIIP

4.2 ± 1.0 84

MIIP, motor imagery introduction program; max, maximum percentage.
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Table 6 | Row scores of each patient.

Patient number (N = 11) Pat. 1 Pat. 2 Pat. 3 Pat. 4 Pat. 5 Pat. 6 Pat. 7 Pat. 8 Pat. 9 Pat. 10 Pat. 11

DEMOGRAPHICS
Gender (female/male) f f m m m m m f f m f
Age (years) 70 76 40 52 68 75 45 43 69 72 75
Diagnosis Stroke Stroke MS TBI Stroke Stroke Stroke MS MS PD MS
More affected body side (right/left) r l r l l l l r l r r
Duration of impairments (months) 2 4 290 1 8 63 1 192 420 60 180
MMSE 28 28 28 29 28 30 30 29 30 25 27
MIIP-EQ QUESTIONNAIRE
MIIP-EQ: knowledge pretest (range 0 to 12) 5 3 4 6 2 4 9 7 7 4 8
MIIP-EQ: knowledge posttest (range 0 to 12) 6 7 12 10 12 9 12 9 11 4 5

Difference MIIP knowledge (range −12 to +12) 1 4 8 4 10 5 3 2 4 0 −3

MIIP-EQ part B pretest(range 0 to 25) 14 18 5 20 18 17 20 14 20 17 15
MIIP-EQ part B posttest (range 0 to 25) 21 16 21 18 16 19 21 21 19 16 15

Difference MIIP-EQ (range −25 to +25) 7 −2 16 −2 −2 2 1 7 −1 −1 0

MIIP-EQ: Patient satisfaction (range 0 to 45/%) 40/89 35/78 35/78 40/89 39/87 44/98 40/89 37/80 44/98 30/67 28/62

IMAPRAX-G CLARITY PRETEST (RANGE 6–42) 34 35 32 30 25 35 36 36 36 33 34
gesture 1: to beckon somebody (identified P/5/E P/5/E P/5/E T/3/E T/4/I P/6/E T/6/E P/6/I P/6/E P/6/I F/6/E
gesture/level of clarity/perspective used)
gesture 2: to cut something F/6/E T/6/E T/5/I T/4/I T/5/I T/6/E T/6/I T/6/I T/6/I T/6/E T/6/E
gesture 3: to write something P/6/E P/6/E T/5/E P/6/E P/4/I P/6/I T/6/I T/6/I T/6/I T/6/E P/6/E
gesture 4: to brush one’s teeth T/6/E T/6/E T/6/E T/6/E P/5/E P/6/E T/6/E T/6/I T/6/E T/5/E T/6/E
gesture 5: to cock a snook T/6/E T/6/E T/6/E P/5/E T/3/E T/5/E T/6/E T/6/I T/6/E T/6/E T/4/E
gesture 6: to applaud somebody T/5/E T/6/E T/5/E T/6/E T/4/I T/6/E T/6/I T/6/I T/6/E T/5/E T/6/E

IMAPRAX-G POSTTEST (RANGE 6–42) 36 35 36 35 29 34 36 36 36 29 27
gesture 1: to beckon somebody P/6/E P/6/E T/6/E T/5/E T/5/E P/5/E T/6/I T/6/I P/6/E T/3/I T/4/E
gesture 2: to cut something T/6/E T/6/E T/6/E T/6/E T/5/E T/6/E T/6/I T/6/I T/6/E P/5/E T/4/E
gesture 3: to write something T/6/E P/6/E T/6/E T/6/E T/4/I T/5/I T/6/I T/6/I T/6/E P/6/E P/6/E
gesture 4: to brush one’s teeth T/6/E P/6/E T/6/E T/6/E T/5/E T/6/E T/6/I P/6/I P/6/E F/5/E P/5/E
gesture 5: to cock a snook T/6/E T/5/E T/6/E T/6/E T/6/E T/6/I T/6/I T/6/I T/6/E T/6/E T/2/E
gesture 6: to applaud somebody T/6/E T/6/E T/6/E T/6/E T/4/I T/6/I T/6/I T/6/I T/6/E P/4/I T/6/E
MENTAL CHRONOMETRY PRETEST
Mean MI time of 3 attempts (s) 1.7 8.6 3.2 2.1 5.2 2.2 1.5 3.3 1.6 3.5 3.0
Mean movement time of 3 attempts (s) 3.7 7.5 3.5 1.4 2.8 2.1 1.2 2.4 2.1 5.6 2.9
Ratio 0.5 1.2 0.9 1.5 1.9 1.1 1.2 1.4 0.8 0.6 1.0
MENTAL CHRONOMETRY POSTTEST
Mean MI time of 3 attempts (s) 2.4 10.6 4.3 1.1 4.7 5.3 2.7 2.6 3.0 3.0 2.6
Mean movement time of 3 attempts (s) 4.8 7.3 3.7 1.6 2.4 6.7 3.8 2.1 3.8 2.3 2.3
Ratio 0.5 1.4 1.2 0.7 2.0 0.8 0.7 1.3 0.8 1.3 1.2
KVIQ-20 CLARITY TEST
KVIQ-20 pretest (10–50)—vis. subscale 39 29 38 39 33 42 46 10 47 31 44
KVIQ-20 posttest (10–50)—vis. subscale 39 26 38 38 31 39 47 40 42 28 39
KVIQ-20 pretest (10–50)—kin. subscale 43 39 37 31 24 22 39 15 46 32 41
KVIQ-20 posttest (10–50)—kin. subscale 37 38 36 29 27 12 36 20 36 26 30

MS, multiple sclerosis; TBI, traumatic brain injury; PD, Parkinson’s disease; MMSE, mini-mental state examination score; MIIP-EQ, motor imagery introduction

program evaluation questionnaire; P, partially true; F, false; T, true; E, external; I, internal; KVIQ, kinesthetic and visual imagery questionnaire.

the movement was 3.2 ± 1.9 s (range 1.2–7.5 s). Pretest ratio was
1.1 ± 0.4 (range 0.5–1.9).

At posttest assessment, mean time to perform MI was 3.9 ±
2.6 s (range 1.2–10.6 s). Mean time to physically perform the
movement was 3.7 ± 1.9 s (range 1.6–7.3 s). Posttest ratio was
1.1 ± 0.5 (range 0.5–2). Results of each individual study patient

are shown in Table 6 and an overview over the statistical results is
reported in Table 7.

Open patient comments
In general the study patients were very interested in the
program. They participated actively and contributed to a
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Table 7 | Statistical results.

Mean/SD Median (range) z-value p-value

MIIP-EQ QUESTIONNAIRE

MIIP-EQ: knowledge pretest (range 0–12) 5.4 ± 2.2 3.5 ± 3.6 p = 0.014

MIIP-EQ: knowledge posttest (range 0–12) 8.8 ± 2.9

MIIP-EQ part B pretest(range 0–25) 16.2 ± 4.3 17 (5–20) −0.721 p = 0.471

MIIP-EQ part B posttest (range 0–25) 18.5 ± 2.4 19 (15–21)

MIIP-EQ: Patient satisfaction (range 0–45/%) 37.5 ± 5 83.2 ± 11.4%

Imaprax-G clarity pretest (range 6–42) 33.27 ± 3.3 34 (25–36) −0.341 p = 0.733

Imaprax-G clarity posttest (range 6–42) 33.6 ± 3.5 35 (27–36)

KVIQ-20 CLARITY TEST

KVIQ-20 pretest (10–50)—vis. subscale 36.2 ± 10.5 39 (10–47) −1.424 p = 0.153

KVIQ-20 posttest (10–50)—vis. subscale 37 ± 6.2 39 (26–47)

KVIQ-20 pretest (10–50)—kin. subscale 33.6 ± 9.7 37 (15–46) −2.004 p = 0.045

KVIQ-20 posttest (10–50)—kin. subscale 29.7 ± 8.2 30 (12–38)

MC pretest Mean MI time of 3 attempts (s) 3.3 ± 2.1 Ratio 1.1 ± 0.4 1.05 (0.47–1.85) −0.178 p = 0.859

MC pretest Mean movement time: 3 attempts (s) 3.2 ± 1.9

MC posttest Mean MI time of 3 attempts (s) 3.9 ± 2.6 Ratio 1.1 ± 0.5 1.16 (0.49–1.97)

MC posttest Mean movement time: 3 attempts (s) 3.7 ± 1.9

MIIP-EQ, motor imagery introduction program evaluation questionnaire; MC, mental chronometry; KVIQ, kinesthetic and visual imagery questionnaire; s, seconds.

good atmosphere during the group sessions. Six of the study
patients mentioned a personal benefit from the program. The
perceived personal benefit concerned functional improvements,
e.g., dressing, selective range of motion in four and bet-
ter MI abilities in five study patients. Two of them men-
tioned that kinesthetic MI is difficult for them to practice,
and two others mentioned that the pace of the program could
have been higher.

DISCUSSION
Although, there is consensus in the literature that MI is a cog-
nitively complex and challenging concept (Lotze and Halsband,
2006; Schuster et al., 2012a), familiarization has so far not been
regarded as a key element of MI. A familiarization process has
not been standardized or systematically evaluated. The aim of
our study was to develop a standardized MIIP for patients with
a CNS lesion and sensorimotor impairments, with the intention
to improve their declarative and procedural knowledge about MI
and to evaluate this MIIP in a pilot trial.

The whole process was structured into four phases: in phase
one the MIIP and in phase two the corresponding evaluation
questionnaire (MIIP-EQ) were developed. In phase three these
two elements were pre-evaluated and modified and in phase four
the revised versions were evaluated in a pilot patient trial.

During the development process of the MIIP was distinguished
between declarative and procedural knowledge (Annett, 1996).
The MIIP was designed for practical use in clinical routine. A
manual for therapists was created to facilitate implementation
of the whole program into clinical practice or its use in clinical
studies. With only 3 × 30 min instruction time and a minimum
of preparation time, overall time expenditure is well manageable.
Group size can be varied between one and four patients, offering

great flexibility to fit the program to different clinical situations
and busy patient schedules.

The MIIP-EQ was developed to guarantee an objective MIIP
evaluation. Three different aspects were regarded as important to
be evaluated: (1) the success of the intended declarative and (2)
procedural knowledge transfer, and (3) patient satisfaction.

The pre-evaluation phase proved to be important to detect
incomprehensibilities in the MIIP and the MIIP-EQ, saving both
personal and patient resources and improving quality of the data
generated in the pilot trial.

In the pilot trial, we found that the MIIP significantly increased
declarative MI knowledge in the majority of our study patients.
This finding supports the hypothesis that the MIIP is a feasi-
ble tool to transfer declarative MI knowledge in patients with
sensorimotor impairments. After the MIIP, the majority of the
study patients showed a sufficient to excellent level of declarative
MI knowledge (Klauer and Leutner, 2012a,b). It can be assumed
that consequent implementation of such a structured instruction
program would enhance the clinical benefit that patients could
derive from MI, but this would need to be tested in an adequately
designed clinical trial.

However, even after the MIIP, still a majority of the study
patients could not link the word “perspective” to the words “exter-
nal and internal,” and detecting the correct phases of one MI
sequence remained difficult. This may have two reasons: Either
there was not enough emphasis on this fact during the sessions
or the perspectives as a construct are too complex to understand
for some patients. This raises questions about what patients are
doing when they are asked to take a certain perspective to per-
form MI either in test situations or in therapy. Since this is crucial
for obtaining valid MI assessment results and for being able to
practice MI in the future, more attention has to be paid to these
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aspects. When applying the MIIP in our clinic, we decided to put
more emphasis on this by having patients describe the perspective
they have taken.

In only two out of eleven patients declarative MI knowledge
did not improve. Additionally, both patients also rated lowest
on the absolute posttest knowledge score. Interestingly, the same
two patients had the lowest MMSE scores (25 and 27 points,
respectively) in the screening examination. The observation that
knowledge gain in the context of a complex concept such as MI
requires a relatively high level of cognitive abilities should be
taken into account for future research on MI and the clinical
applications of MI.

The hypothesis that the level of procedural knowledge would
significantly increase after the MIIP was not supported by our
results. The self-perception of the skill to perform MI showed no
significant improvement after the MIIP. Five patients even rated
their skill to perform MI in the posttest assessment lower than in
the pretest assessment. A possible explanation for this could be
that with better declarative knowledge of the MI concept after the
MIIP, some patients might have rated their skill to perform MI
more accurately than at the beginning (where they might have
overestimated their true skill level). This could have disguised a
possible beneficial effect of the MIIP (Schuster et al., 2010). Again,
the two study patients with the lowest MMSE scores at screening
also showed the lowest scores in the self-perception of the skill
to perform MI. This may indicate that a low level of declarative
knowledge negatively influences procedural knowledge, although
the results do not consistently show this. Based on these obser-
vations it can be proposed that MMSE performance should be
considered to allocate patients to different MI group levels. This
could help to meet the different demands of patients with varying
cognitive abilities. In this respect, our results are in accordance
with the findings of other investigators, who had observed that
even after MI training barriers remained that compromised the
motivation of the patients to practice MI (Bovend’eerdt et al.,
2010). To promote the concept of MI, factors that negatively
influence self-perception of the skill to perform MI or the moti-
vation of the patient to practice MI, such as limited cognitive
capacity, should be systematically evaluated in future studies.
Overall, study patients were satisfied with the MIIP. However,
the two study patients with the lowest MMSE scores also showed
the lowest satisfaction scores. It seems that patient satisfaction
can only be influenced to a certain level by external parameters.
It can be assumed that increasing discrepancy between cogni-
tive ability of the patient and the demand of the program will
raise the level of frustration and negatively impact satisfaction
scores.

All measured parameters regarding MI ability did not change
significantly after the MIIP, supporting their retest reliability.
However, the total score of the KVIQ kinesthetic subscale did
change significantly toward a reduction in MI vividness. The sig-
nificant difference is in accordance with findings of another study
(Schuster et al., 2010) and supports the fact that with improved
understanding of the concept, self-rating becomes more
accurate.

Of special interest are the two patients, who scored lowest on
the posttest knowledge score, in the self-perception of the skill

to perform MI and the patient satisfaction, but showed relatively
high scores in the MI ability questionnaires. It remains unclear,
how they rated for example their kinesthetic sensations, with-
out having a cognitive construct of the underlying theory and
without a basic understanding of the terms used. This supports
the idea that MI ability has to be assessed with a number of
tools to get a more comprehensive idea of the patient’s true MI
ability.

Limitations
A limitation of the MIIP and the MIIP-EQ development pro-
cess was, that it did not try to reach consensus among the
MIIP developer and the reviewers. However, this would have
required a lengthy Delphi procedure, which was not justifi-
able considering the limited resources and the overall impact of
the study question. Since there is no generally accepted stan-
dard MIIP that could have been used as gold standard, the
authors did not use a control group in our pilot trial. As there
is no plausible reason why patients should have gained knowl-
edge just by chance, the increase in knowledge seen in this
study can be attributed to the MIIP. A limitation of the MIIP-
EQ was that it was solely developed for this study and was
therefore not tested for its psychometric validity. The valid-
ity of the pilot trial is limited by the small sample size and
the great heterogeneity between study patients regarding age,
diagnoses, and onset of the impairment. This makes statis-
tical interpretations difficult. However, it should be realized,
that in clinical practice such heterogeneity is encountered and
therefore the included study patients represent a “real world
sample” thus strengthening external validity of the study find-
ings. A further limitation was the lack of a follow up exam-
ination to determine for how long the gained knowledge can
be maintained, and whether this gain in knowledge trans-
lates into a clinical benefit such as improved outcome for the
patients.

CONCLUSIONS
It can be concluded that the developed MIIP is a feasible inter-
vention to introduce and familiarize patients with the included
diagnoses and with sufficient cognitive abilities to the concept of
MI. With the MIIP there is now an instrument available that is
easy to use and might help to introduce patients to the MI concept
and to prepare them for MI training. This may improve long-term
motivation and adherence.

So far there is no validated assessment tool available that
is easy to handle and allows to objectively measuring mental
capacity and cognitive abilities that are required for successful
learning of MI. The clinical implication is that patients need
to be observed very closely during their initial phase using
MI. Upon this clinical possibility it has to be decided whether
the patient is able to learn and perform MI with a poten-
tial benefit. This is in accordance with the statements of dif-
ferent other authors (Braun et al., 2008; Bovend’eerdt et al.,
2012).

For the future, the possibility that low MMSE scores negatively
affect the familiarization process should be evaluated in more
detail. It should be analyzed what component of the different
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cognitive abilities, such as perception, attention, memory, motor,
language, visual/spatial, execution, interferes most with a suc-
cessful acquisition of MI ability. So far required MMSE scores
in published MI trials showed a wide range going for exam-
ple from 15 to 24 (Crosbie et al., 2004; Malouin and Richards,
2010; Schuster et al., 2012a). It might be assumed that higher
cognitive abilities than previously thought are required to allow
acquisition of the basic declarative and procedural MI knowl-
edge. Furthermore, the correlation between a good introduction
to MI and long-term benefits in terms of knowledge, motivation,

and functional outcomes should be investigated in a randomized
controlled trial.
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Research in sports, dance and rehabilitation has shown that basic action concepts (BACs)
are fundamental building blocks of mental action representations. BACs are based on
chunked body postures related to common functions for realizing action goals. In this
paper, we outline issues in research methodology and an experimental method, the
structural dimensional analysis of mental representation (SDA-M), to assess action-relevant
representational structures that reflect the organization of BACs. The SDA-M reveals a
strong relationship between cognitive representation and performance if complex actions
are performed. We show how the SDA-M can improve motor imagery training and
how it contributes to our understanding of coaching processes. The SDA-M capitalizes
on the objective measurement of individual mental movement representations before
training and the integration of these results into the motor imagery training. Such motor
imagery training based on mental representations (MTMR) has been applied successfully
in professional sports such as golf, volleyball, gymnastics, windsurfing, and recently in the
rehabilitation of patients who have suffered a stroke.

Keywords: mental representation, mental imagery, motor imagery, mental simulation, basic action concepts

The representation and simulation of motor acts has a long
and varied history in psychology and movement science. Johann
Friedrich Herbart related movements to perceptual effects as early
as 1825 and proposed that the imagery of perceptual effects
can elicit the related movements (p. 464). William James (1890,
p. 526) wrote some decades later “that every representation of
a movement awakens in some degree the actual movement. . .”.
These and other approaches of an ideomotor understanding of
human action felt out of fashion in the era of behaviorism
(see Shin et al., 2010 for a review). However, around 100 years
later they became an important reference point for many exper-
imental approaches, for example, ideomotor action (e.g., Knuf
et al., 2001; Kunde, 2001; Koch et al., 2004; Kunde et al., 2004),
common coding (Prinz, 1987, 1997), anticipative behavioral control
(Hoffmann, 1993; Hoffmann et al., 2004), theory of event coding
(Hommel et al., 2001) and cognitive architecture of action approach
(Schack and Mechsner, 2006; Schack and Ritter, 2009). These
approaches underline the goal-directedness of human behavior
(termed “motor cognition” by Jeannerod, 2006, p. v) and are
considered an alternative to non-cognitive approaches to human
movement.

These new perceptual-cognitive perspectives emphasize the
goal-directedness property of actions, the importance of antici-
pated perceptual effects, the crucial role of mental representations
in action control and the functional role of mental simulation for
planning and performing voluntary movements with the help of
structured cognitive representations of action effects (Hommel
et al., 2001; Mechsner et al., 2001; Schack and Mechsner, 2006;
Hoffmann et al., 2007). Furthermore, skillful coordination occurs
if appropriate mental representations of the motor task and action

goals are constructed, because cognitive representations govern
the tuning of motor commands and muscular activity patterns.
In fact, this perceptual-cognitive approach to movement control
is reminiscent of some classical ideas in psychology, such as the
“ideomotor” approach adopted by Lotze (1852) and James (1890)
in the 19th century and the theoretical studies of movement
construction by Bernstein (Bernštejn) (1947, English transla-
tion 1967) in the 20th century. Although this perspective never
disappeared, it was obscured by the dominant and competitive
perspectives of cognitive and dynamical systems approaches to
motor control.

Whereas dynamical systems in principle try to explain biolog-
ical movements without alluding to cognitive levels (or internal
models), Bernstein (Bernštejn) (1947) envisaged a complex archi-
tecture of human movement control ranging from “low” levels
corresponding to involuntary movements, up to “high” cognitive
levels that can be thought of as concepts. The second “lowest”
level corresponds to synergistic processing, and this level has often
been referred to in dynamical systems approaches (e.g., Wolpert
et al., 1995; Ijspeert et al., 2002). We note that spinal (e.g., D’Avella
and Bizzi, 1998; Poppele and Bosco, 2003) and some muscle
synergies do not always require input from higher cognitive levels
(e.g., Debicki and Gribble, 2005). Such aspects of involuntary
movements are often addressed in sensorimotor models of motor
control (e.g., Kawato, 1999; Todorov, 2004). These processes run
mostly automatically but can reach conscious levels if attention
is directed towards them. In stark contrast to “low” levels, our
understanding of cognitive movement control is far less known.
Therefore, in this paper, we have focused on “higher” (i.e.,
cognitive) levels of human motor control (perceptual-cognitive
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approach), and suggest that cognitive representations should be
differentiated from cognitive control of movements (cf. Schack,
2004a,b, 2010). That is, our approach is more closely related
to cognitive approaches for motor control such as Schmidt’s
classical schema theory1 (Schmidt, 1975) and is in competition
with dynamical system approaches. However, we do not suggest
that motor control, or even voluntary movements, are solely
controlled from a cognitive level. Involuntary motor control (e.g.,
reflexes and postural control) are also critically important as
sensorimotor loops. We will discuss how cognitive levels of move-
ment representation and control can be measured and used for
(training) interventions. Among the key issues are how structured
mental representations can arise during motor skill acquisition
and how these representations attain a functional role in motor
learning. Related questions concern the role of cognitive repre-
sentations in motor imagery training and, prospectively, whether
motor imagery can be applied to technical platforms and robotics.

MENTAL REPRESENTATION
It is a well established idea in cognitive psychology and indeed
it has received growing acceptance in the fields of motor control
and sport psychology that actions are mentally represented in
functional terms as a combination of the executed action and the
intended or observed effects (Prinz, 1997; Hommel et al., 2001;
Knuf et al., 2001; Koch et al., 2004; Jeannerod, 2006, p. 165). The
link between movements and perceptual effects is bi-directional
and is thought to be stored hierarchically in long-term memory
(LTM). Such movement representations are necessary because
complex movements are highly unlikely to rely solely on online
calculation due to human resource limitations. Rosenbaum and
co-workers (Rosenbaum et al., 2007) demonstrated that move-
ments can be understood as a serial and functional order of goal-
related body postures, or goal postures, and their transitional
states. That is, movements can be understood as the changes
between body postures. Whereas body postures (keyframes)
are represented in detail, the interframes (i.e., the movements
between body postures) contain only differences between two
successive keyframes. The better the order formation within cog-
nitive movement representations, the more easily information can
be accessed and retrieved (Schack and Ritter, 2009). This leads
to increased motor execution performance, which reduces the
amount of attention required for successful performance (Beilock

1According to the Schmidt’s Schema Theory, each skill action we have learned
needs its own individual motor program stored in LTM. Schmidt suggested
that we need 3 things to perform a skill: A generalized motor program as the
basic form of our movements, like a forehand drop shot that can generate a
variety of similar actions under different circumstances, e.g., shots at a variety
of heights. A Recall Schema to adjust the generalized motor program for a
particular action (e.g., a forehand drop at a particular height) after under-
standing the actual situation (initial conditions) and the intentions (response
specification). When the movement is performed, the sensory consequences
(e.g., feel of the movement) and response outcomes (e.g., flight path of the
shuttlecock) are stored in memory. This is the so called Recognition Schema
used to evaluate the outcome of the movement (response outcome) and to
detect errors. If the response outcome is not perfect, the schemas are modified
based on sensory feedback and knowledge of results. This leads to further
adjustments of the generalized motor program when practicing a movement
in order to subsequently achieve the desired outcome.

et al., 2002; Raab and Johnson, 2007; Land et al., 2014). The
nodes within such networks of movement representation contain
functional subunits or building blocks that relate motor actions
and associated perceptual effects.

Researchers from different fields, such as cognitive psychology,
cognitive robotics and sport psychology (Schack, 2004a,b; Schack
and Mechsner, 2006; Schack and Ritter, 2009, 2013; Tenenbaum
et al., 2009; Maycock et al., 2010), have provided evidence for
so-called basic action concepts (BACs) in the control of human
movements. Analogous to the well-established notion of basic
object concepts (Rosch, 1978), BACs are the mental counterparts
of functional elementary components of complex movements.
They can be thought of as the cognitive chunking of body postures
and movement events concerning common functions in realizing
action goals. BACs do not refer to behavior-related invariant
properties of objects, as in the case in basic object concepts, but to
perception-linked invariant properties of movements. According
to the cognitive action architecture approach (Schack, 2010),
mental representations are thought to comprise of such repre-
sentational units (i.e., BACs) and their structural composition in
relation to one another.

To investigate representational networks of BACs, the struc-
tural dimensional analysis of mental representation (SDA-M)
method was developed by Schack (2004a). Various methods
facilitate the study of knowledge-based mental representations of
movements in LTM (for an overview, see Hodges et al., 2007).
However, most of them focus on explicit knowledge and are non-
experimental (e.g., interviews, questionnaires, paper-and-pencil
tests). As an experimental method that avoids introspective state-
ments, Schack (2004a, 2010) introduced the SDA-M method. This
method provides psychometric data on mental representations of
complex movements and as such permits investigating the status
and change of structures of mental movement representations.

In detail, the SDA-M (Schack, 2010) maps mental represen-
tations as integrated networks of BACs across both individuals
and groups, by providing information on relational structures
in a given set of concepts with respect to goal-oriented actions.
The internal grouping of conceptual units (i.e., the clustering of
BACs) delineates the structure of the knowledge representation of
a certain movement. While mental representation structure refers
to the relation and the grouping of BACs in LTM, learning can
be considered as the modification of the mental representation
structure over time. That is, mental representation of complex
movements can be measured by the SDA-M method.

The SDA-M consists of four steps (for further details, see
Schack, 2012). First, a split procedure involving a multiple sorting
task (pair-wise comparisons) delivers a distance scaling between
BACs of a suitably predetermined set. Specifically, during this
procedure, one concept of a given set of BACs is permanently
displayed on a computer screen (anchor concept) and all other
concepts are compared to that anchor concept successively. Par-
ticipants have to decide whether the two given concepts are related
to each other during movement execution. The procedure contin-
ues, until all concepts have been compared to all other concepts.
Second, a hierarchical cluster analysis is used to transform the
set of BACs into a hierarchical structure. Third, a factor analysis
reveals the dimensions in this structured set of BACs, and fourth,
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the cluster solutions are tested for invariance within or between
groups.

As a result, one obtains the individual partitioning of the BACs
in hierarchical tree-like structures, the so-called dendrograms
(see Figure 1). Cluster solutions are calculated for all individ-
ual participants and for the whole group. Each cluster solution
is established by determining a critical Euclidean distance dcrit

(marked by the dotted horizontal line in Figure 1). The critical
value dcrit depends on the number of concepts. All junctures
below the value dcrit are considered related, while the junctures
above this value are considered unrelated. This results in a cluster
solution. In an optimal structure, the resulting cluster solution
represents the functional phases of the movement.

A good example to investigate the mental representation struc-
tures of a complex movement on different levels of expertise is
the tennis serve (Schack and Mechsner, 2006). For a tennis serve,
not only many degrees of freedom have to be controlled in the
musculoskeletal system, but also the correct movement execution
depends considerably on training and expertise. On the other
hand, it is a finite and recognizable action pattern of which the
overall structure is well defined by biomechanical demands.

The expert group in that study consisted of 11 male tennis
players (mean age, 24± 3.7 years) from the upper German leagues
who were ranked between places 15 and 500 in the German men’s
rankings. The non-player group were 11 males (mean age, 24 ±
6.7 years) with virtually no experience of the game (maximum
5 h) and had never had any tennis lessons.

The single BACs and the adequate functional organization of
the tennis serve were characterized in advance in collaboration
with non-players, athletes with different levels of expertise, and
coaches. Photographs of the tennis sub-movements were pre-
sented to experts and non-players together with linguistic markers
of varying generality. The picture-word combination which took

the shortest time to judge its appropriateness was chosen, in
analogy to classical methods (Rosch, 1978).

Each BAC was characterized by a set of closely interconnected
sensory and functional features. For example, BAC 7 (whole body
stretch motion) is functionally related to providing energy to
the ball, transforming tension into swing, stretching but remain-
ing stable. Afferent sensory features of the corresponding sub-
movement that allow monitoring of the initial conditions are bent
knees, tilted shoulder axis, and body weight on the left foot. Re-
afferent sensory features that allow monitoring of whether the
functional demands of the sub-movements have been addressed
successfully are muscles stretched and under tension, propriocep-
tive and, finally, perhaps visual perception of the swinging arm
and ball in view.

Figure 1A depicts the dendrogram for the experts. Their
cognitive structure was very similar to an optimal cluster solution
and matches the functional and biomechanical demands of the
tennis serve. The three functional phases (i.e., pre-activation,
strike, and final swing) form clearly separated clusters in the
dendrogram. An invariance analysis (step four of the SDA-M)
confirmed this interpretation. There was no significant differ-
ence between the cognitive BAC framework in experts and the
biomechanical demand structure of the movement. In contrast,
the clustering of the BACs in the dendrogram of the non-players
(Figure 1B) did not mirror the functionally and biomechanically
demanded phases so well. The BACs were less clearly grouped,
with no close neighborhoods, and the partial clusters largely failed
to attain significance. The average novice structure, however,
deferred significantly from the optimal cluster solution (cf. Schack
and Mechsner, 2006). That is, in experts, these representational
frameworks were organized in a distinctive hierarchical tree-like
structure, were remarkably similar between individuals, and were
well-matched with the functional and biomechanical demands of

FIGURE 1 | Dendrograms for the experts (A) and non-players (B) based
on the hierarchical cluster analysis of BACs in the tennis serve. The
horizontally aligned numbers denote the BACs (for the code, see text), the
vertical numbers, the euclidean distances. For every group, it holds n = 11;
p = 0.05; dcrit = 3.46. A tennis serve consists of three distinct phases, each
of which fulfills distinct functional and biomechanical demands. First, in the
pre-activation phase, body and ball are brought into position, and tension
energy is provided to prepare the strike. The following BACs were identified:

(1) ball throw, (2) forward movement of the pelvis, (3) bending the knees, and
(4) bending the elbow. Second, in the strike phase, energy is conveyed to the
ball. The following BACs were identified: (5) frontal upper body rotation, (6)
racket acceleration, (7) whole body stretch motion, and (8) hitting point. Third,
in the final swing phase, the body is prevented from falling, and the racket
movement is decelerated after the strike. The following BACs were
identified: (9) wrist flap, (10) forward bending of the body, and (11) racket
follow through.
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the task. In contrast, action representations in low-level players
and novices were organized less hierarchically, were more variable
among persons, and were less well-matched with functional and
biomechanical demands.

More generally, if two BACs are frequently classified by partic-
ipants as being “functionally related” during the split procedure,
these BACs are characterized by a small Euclidean distance which
is reflected in a low projection of the BACs on the vertical axis in
the dendrogram (e.g., BACs 1 and 2 in Figure 1A). If two BACs
are not judged to be “functionally related”, the Euclidean distance
is larger and the projection of the two BACs is high in the tree
diagram (e.g., BACs 9 and 10 in Figure 1A).

In order to measure the inter-individual or inter-group differ-
ences between representation structures, a structural invariance
measure λ is determined based on (1) the number of constructed
clusters of the pair-wise cluster solutions; (2) the number of
concepts within the constructed clusters; and (3) the average
quantities of the constructed clusters. The invariance measure
λ ranges from 0 (no similarity at all) to 1 (tree diagrams are
identical). Two cluster solutions (or representation structures) are
considered to be invariant (i.e., the same) if λ > λcrit = 0.68 (which
corresponds to a significance level of α = 0.05; for more detailed
information, see Schack, 2010, 2012).

Furthermore, as shown in a volleyball study (Schack, 2004b),
these mental representation structures are position- and task-
dependent. Such representation structures are the outcome of
an increasing, effort-reducing formation of order in LTM. With
increasing expertise, the representation of the movement cor-
responds more and more to its topological (spatiotemporal)
structure. Accordingly, movement control becomes possible by
representing the anticipated perceptual effects of the movement
and comparing them with incoming perceptual effects.

Accordingly, the structure of cognitive representations in LTM
is also relevant for perception and visuomotor control in motor
action. But little is known about the relationship of cognitive
representations and visuomotor control for complex movements.
Therefore, in a recent study we investigated whether cognitive
representations of complex movements influence (unconscious)
visual perception (Güldenpenning et al., 2011). Novices and
skilled high-jump athletes were shown to differ in that only skilled
athletes have a functionally structured, cognitive representation
of the high jump movement (Fosbury flop). Both groups were
asked to classify pictures of body postures of the high jump
movement. In a so-called priming paradigm, each of these picture
presentations were preceded by another picture of a high jump
body posture that could not be perceived consciously. Participants
had to classify whether the second pictures in each trial showed
a body posture from the approach or from the flight phase.
Importantly, the two pictures in each trial could differ with regard
to the shown movement phase but also in temporal order. That is,
both pictures could reflect the natural order within or between
movement phases or, alternatively, they could be presented in a
reversed order (e.g., flight before approach). We found a main
effect of temporal order for skilled athletes, that is, faster reaction
times for picture pairs that reflected the natural movement order
as opposed to the reversed movement order. Novices showed
a qualitatively different data pattern which was in line with

superficial processing of visual features unrelated to the high jump
movement. These results suggest that the structure of cognitive
movement representations modulates the visual processing of
body postures. Temporal information seems to be an important
dimension of such representations (cf. also Güldenpenning et al.,
2013) and can be processed automatically as the extraction of
temporal order information required unconscious processing of
(one of) the pictures.

Based on these and many other studies (e.g., Haggard and
Wolpert, 2005; Giummarra et al., 2007; Bläsing et al., 2010b),
we argue that major interfaces in the architecture of movement
are cognitive in nature (without fully denying the relevance of
automated processes such as reflexes or postural control of the
whole body). Such a perspective does not view the motor sys-
tem as being distinct from cognition. Instead, it considers both
conscious and automatized processes of movement organization
to be based functionally on cognitive representation structures.
This does not ignore the significance of emotional or motivational
processes; it simply puts them aside in order to focus on the
cognitive architecture of movement (Schack and Ritter, 2009).
In the next sections we will consider how mental representations
change during motor imagery and motor learning.

MENTAL REPRESENTATION AND LEARNING
Differences in the mental representation structure between
novices, intermediates, and experts (Schack and Mechsner, 2006;
Bläsing et al., 2009) suggest that the structure of mental repre-
sentations of complex movements changes with improvements in
the skill-level. More specifically, the structure of the mental rep-
resentation of a given complex movement might develop towards
the functional structure of an expert over the course of practice.
Therefore, a novice’s unstructured representation of a movement
is thought to develop into a more structured representation
during motor learning. Accordingly, we assume learning to be a
product of modifying the mediating structure among the BACs
(see Schack, 2004a).

To the best of our knowledge, there are only a few studies
examining how mental representation structures develop dur-
ing practice. As it seems crucial to learn more about whether
and when changes in mental representations occur and how
they develop during learning, we examined structural changes
in mental representations of a complex movement during early
skill acquisition (Frank et al., 2013). The acquisition of the
golf putting movement was investigated in a group of novice
golfers. After a 3 day period of practice with the task, the mental
representation of the practice group was compared to that of a
control group. As expected, the mental representation structure
showed functional changes (i.e., functional clusters in the group’s
dendrogram) in the practice group along with performance
improvement while no such changes were observed in the control
group.

Specifically, the mental representation structure of the prac-
tice group changed over the course of practice from pre-test
(Figure 2A) to retention-test (Figure 2B) and became more
similar to an expert structure. As shown in Figure 2, the practice
group’s mean dendrogram revealed an increased number of func-
tional clusters during retention-test, with BACs being clustered
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FIGURE 2 | Mean group dendrograms of the practice group (n = 12) for
the golf putt at (A) pre-test and (B) retention-test. The numbers on the
x-axis relate to the BAC number, the numbers on the y -axis display euclidean
distances. The lower the link between related BACs, the lower is the
euclidean distance. The horizontal dotted line marks dcrit for a given α-level
(dcrit = 3.41; α = 0.05); links between BACs above this line are considered
unrelated; horizontal gray lines below BAC numbers mark clusters. BACs: (1)

shoulders parallel to target line, (2) align club face square to target line, (3) grip
check, (4) look to the hole, (5) rotate shoulders away from the ball, (6) keep
arms-shoulder triangle, (7) smooth transition, (8) rotate shoulders towards the
ball, (9) accelerate club, (10) impact with the ball, (11) club face square to
target line at impact, (12) follow-through, (13) rotate shoulders through the
ball, (14) decelerate club, (15) direct clubhead to planned position, and (16)
look to the outcome [Reprinted from Frank et al., 2013, with permission].

into three functional units relating to distinct movement phases
(i.e., movement preparation, the forward swing, and the impact
phase). In contrast, no changes were evident in the mental repre-
sentation structure of the control group which did not execute the
putt at all. These findings suggest that order formation of action-
related knowledge plays a significant role during motor learning,
presumably, for the development of movement expertise. Further
investigations from a number of different activities (e.g., golf,
soccer, wind surfing, volleyball, gymnastics, and dancing) also
support the functional relation between mental representation
structures and performance and expertise (Schack, 2004a; Schack
and Bar-Eli, 2007; Schack and Hackfort, 2007; Bläsing et al., 2009,
2010a; Velentzas et al., 2011).

NEW DIRECTIONS: APPLICATION OF SDA-M IN MOTOR
IMAGERY TRAINING
Studies in the first half of the 20th century indicate that perform-
ing mental tasks leads to subsequent performance improvements
(Sackett, 1935; see also Driskell et al., 1994). Generally, imagery
refers to a collection of abilities, including, for example, visual
imagery, kinesthetic imagery, imagery of movements or com-
binations of imagery modalities (e.g., Callow and Hardy, 2005;
Holmes, 2007; Roberts et al., 2008) and there continues to be no
consensus on the definitions of imagery. In sports, the subject of
imagery is traditionally related to movement (i.e., motor imagery,
cf. Jeannerod, 1994) and the main aim of motor imagery is
to enhance specific motor actions (cf. Boschker, 2001). Studies
have shown that specific training can increase the amount and
the efficiency of kinaesthetic imagery and enhance the imagery
of kinaesthetic sensations, making images more complex and
vivid (Nordin and Cumming, 2007; Golomer et al., 2008). Motor
imagery is a cognitive tool strategically used by athletes for learn-
ing and optimizing their specific movement tasks. Dancers, for
example, use motor imagery to exercise the memorization of long

sequences and to improve movement quality in terms of spa-
tiotemporal adaptation and artistic expression. Whereas mental
practice or mental training encompass further techniques such as
self-talk, goal setting or attention focusing, we refer by “motor
imagery training” to the act of repeatedly imagining a movement
without executing the movement and with the primary intent of
acquiring and optimizing motor skills (for an overview see Morris
et al., 2005).

Various theories have been used to explain the effects of motor
imagery training (or mental practice, e.g., Heuer, 1985; Driskell
et al., 1994). The major scientific models largely differentiate
physiologically peripheral (neuromuscular) effects and central
effects (e.g., symbolic codes or programs). It has been suggested
that motor imagery is based on simulation processes that recruit
motor representations, and that imagery, observation and execu-
tion of movements share a major part of their neural correlates
(so-called functional equivalence, Jeannerod, 1995, 2001; Kosslyn
et al., 2001). Furthermore, it has been shown that motor imagery
involves internal motor attention processes and states of high
concentration (Munzert et al., 2008).

Importantly, the perceptual-cognitive hypothesis opens up a
new explanation for the effects of motor imagery training. This
hypothesis is derived from the theory of ideomotor action (Knuf
et al., 2001; Koch et al., 2004) and is in line with current neuro-
physiological findings (Jeannerod, 1995, 2004). The perceptual-
cognitive hypothesis posits a representational system in which
strong cognitive representation units (nodes) are linked to per-
ceptual representations (e.g., kinesthetic, optical, or acoustic
effect codes). Because they possess a spatiotemporal structure,
these representations can be related directly to movements. This
makes additional motor, spatial-pictorial, or symbolic represen-
tations unnecessary for movement control (see Heuer, 1985).
Another basic assumption of the perceptual-cognitive model is
that imagining a movement and performing it are based on the
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same representations (Jeannerod, 1995, 2004), which can explain
the effectiveness of motor imagery training. Mental simulations of
movement may strengthen links between cognitive representation
of intermediate states of that movement and the accompanying
perceptual effect codes. At the same time, interfering perceptual
inputs will be inhibited.

This makes the SDA-M method proposed here directly rele-
vant for developing new forms of motor imagery training (cf. also
Cooley et al., 2013). One central question in sport psychology has
been the question of how to best tailor and deliver motor imagery
training such that it is most effective in enhancing an athlete’s
performance and in promoting learning. The main disadvantage
of traditional procedures is that they try to optimize performance
without taking the athlete’s mental technique representation into
account (i.e., they are representation-blind). If the movement’s
cognitive representation has structural gaps or errors, these will
tend to be stabilized rather than overcome by repeated practice.
An alternative method here is to measure the mental representa-
tion of the movement before motor imagery training and then
integrate these results into the training. Thus, similarly to the
finding that imagery tailored to the individual is more promis-
ing compared to standardized procedures (for an overview, see
Schuster et al., 2011), we suggest that the individual’s prerequisites
should be considered when applying motor imagery training.
As opposed to more subjective measures such as interview tech-
niques, the SDA-M method is an objective measure of BACs and
their relations (i.e., mental representation structure). As such, the
SDA-M serves to tailor imagery content of subsequent mental
practice according the individual’s cognitive status. This Motor
imagery Training based on Mental Representations (MTMR2) has
now been applied successfully for several years in professional
sports such as golf, volleyball (Schack, 2004b), gymnastics (Schack
and Heinen, 2000; Heinen et al., 2002), and windsurfing (Schack
and Hackfort, 2007).

To illustrate our approach, consider our recent research in
professional volleyball which addressed the spike (i.e., attack
hit). This movement requires at least 12 sub-steps (BACs). In
preparation for a motor imagery training program, we studied
this structure in the members of a Women’s Volleyball Youth
National Team. Figure 3 illustrates the results for two players who
are both outside hitters.

Player A (Figure 3A) was highly skilled in performing the
spike movement such that she was able to optimally execute the
technique. Accordingly, she held a clearly structured, almost ideal
movement representation in her movement memory. BAC 1–3 in
connection with 4 and 5 form the run-up phase. Concepts 6, 7,
and 8 combine for the hit-preparation phase, whereas 9, 10, and
11 make up the hit-phase.

In contrast, player B (Figure 3B) had difficulties in optimally
executing the spike for several years. The SDA-M analysis showed
a problematic structure in the mental movement representation:
BAC 1–3 and 4–5, which are important for the sequence of

2Although we focus in this paper on motor imagery rehearsal, the MTMR
approach is not restricted to this technique. In the MTMR approach other
techniques such as relaxation, cognitive or emotional preparation can be
included.

impulses during run-up and take-off, point to a less precise
memory structure. For this player, run-up and take-off were
broken down into two inefficient memory sections (5–2 and
4–3, encircled in Figure 3B). Subsequently, an individualized
motor imagery training program for player B tackled the memory
structure and developed motor imagery for an ideal take-off and a
proper spike. Additionally, player B went through a series of run-
up and take-off drills designed to bring out the optimal motion
sequence. The focus was on making the player aware of the altered
movement so that she could develop a new feeling for it. We
subsequently aimed to generate this optimal perception of the
movement also in the complementary motor imagery training.
This succeeded in improving player B’s spike significantly, and she
is now a member of the Women’s A-National Team. The advan-
tage of this combination of motor imagery training and memory
analysis is that athletes’ memory structures are integrated into the
motor imagery training considering their individual dispositions.

Holmes and Collins (2001) made an important step towards
individualized motor imagery training. These authors proposed
the so-called PETTLEP approach (Physical, Environment, Task,
Timing, Learning, Emotion and Perspective) to motor imagery
which stresses the need for functionally equivalent and therefore
behaviorally matched imagery interventions as opposed to tra-
ditional imagery interventions (e.g., Holmes and Collins, 2001;
Smith et al., 2007; Wakefield et al., 2013). That is, the seven
PETTLEP aspects of a given movement should be optimized
in the sense that they converge between actual and imagined
movement execution. This approach is partly rooted in Lang’s
bio-informational theory (Lang, 1979, 1985) which states that
motor imagery training affects motor performance by way of
the strengthening of memory representations. Specifically, during
imagery, stimulus, response, and meaning propositions3 are being
accessed and thus strengthen the representation of the movement
stored in memory, which in turn affects motor performance.
Based on findings from neurophysiological research that similar
processes are activated during imagined and actual motor actions,
Holmes and Collins (2001) suggested that functional equiva-
lence is a major prerequisite for the efficacy of mental practice.
Therefore, behavioral matching of the imagined experience to
the actual physical experience has been suggested to enhance the
efficiency of motor imagery training as it is proposed to best access
the underlying motor representation (Holmes and Collins, 2001;
Wakefield et al., 2013).

Whereas the PETTLEP approach draws on the matching of the
imagined and the actual experience in order to best access the
underlying motor representation during motor imagery training,
MTMR addresses the mental representation itself as the basis for
motor imagery training. That is, a particular movement and its
structure are emphasized in MTMR and corrected, if necessary.
In that sense, the imagined movement is individually adapted,

3According to Lang (1977, 1985), images are functionally organized sets of
propositions. Stimulus propositions reflect the content of the image, response
propositions the person’s responses to the image, and meaning propositions
the interpretations of the image, i.e., its meaning for the person. Response
proposition provide a access to the motor command system in order to
generate movements. Note that these proposition are conceptualized as having
an amodal format (Lang, 1977; Callow and Hardy, 2005).
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FIGURE 3 | Memory profile of the spike in player A’s (A) and player B’s (B)
movement memory. BACs: (1) taking arms back, (2) stamp step, (3) bending
knees and trunk, (4) swinging both arms forward, (5) extending legs, (6) body
arching, (7) spiking arm back, (8) high elbow, (9) glance toward opponent’s
block, (10) spike emphasizing the wrist, (11) whipping extension of arm, and

(12) drawthrough of hitting arm. A scale indicating the distances of BAC
representations in movement memory is located on the left side of the figure.
The lower the value of a horizontal connection between two BACs, the lower
the distance between them in movement memory (Printed from: Schack,
2004a, p. 417 with permission).

not only the embedding aspects such as the PETTLEP elements
should be optimized. Lang’s (1979, 1985) bio-informational the-
ory points to a potential mechanism of how MTMR (employing
the SDA-M method) may lead to performance improvements.
By emphasizing specific movement phases during motor imagery
training, access or retrieval of response and meaning proposition
might be facilitated and, thereby, help to improve the structure
of the movement representation. It is important to note that the
SDA-M method if used in motor imagery training is focused on
imagining the movement in its biomechanically and functionally
optimal structure.

Motor imagery training is sometimes employed using the
SDA-M method by various professional and amateur sports ath-
letes and also in rehabilitation (Braun et al., 2006, 2007; Holmes,
2007; Malouin and Richards, 2013; Malouin et al., 2013 for
review) although imagery might be more efficient for stroke
patients in chronic stages (Ietswaart et al., 2011). In cases of
injury, motor imagery training offers a means of training even
when active movement execution is severely impaired. As a result,
new opportunities for motor imagery training open up in the
fields of medical and orthopedic-traumatologic rehabilitation.
Motor imagery training seems to be of great use for regaining
lost movement patterns after joint operations (Braun et al., 2006;
Holmes, 2007; Malouin et al., 2013). This provides more evidence
that motor imagery training provides a general means to link
imagery and movement in various areas of life.

EMPIRICAL EVIDENCE: MOTOR IMAGERY TRAINING
STUDIES
Velentzas (2010) recently explored the effects of MTMR on
volleyball spike performance, and on participants’ mental
representations of movements. Specifically, the effects of MTMR
and generic imagery scripts were investigated. Expert female
volleyball players who play the outside hitter position partic-
ipated. Selected movement characteristics were measured, and
mental representations for these movements were evaluated
using the SDA-M method. Participants’ spike accuracy was also

evaluated. To control for participants’ imagery ability, the Move-
ment Imagery Questionnaire-Revised (MIQ-R; Hall and Martin,
1997) was used. Results showed an increased performance in
the post and retention test for participants in the individualized
imagery script group compared to the generic script group. This
result suggests that an individualized imagery script which is
based on participants’ mental representations is more effective
than a traditional, generic motor imagery.

Recently, we examined the influence of motor imagery training
on the development of mental representation structure in early
skill acquisition (Frank et al., 2014). Based on the previous
finding (Frank et al., 2013) that mental representation struc-
tures functionally adapt during physical practice (i.e., during
motor learning), we investigated whether mental practice adds
to this adaptation process. For this purpose, novices practiced
the golf putt either mentally, physically, or in a combination of
both over three days, while a control group did not practice at
all. Participants’ putting performance and mental representation
structures (SDA-M) were tested before and after the intervention
and after a retention interval of 72 h. Analyses revealed functional
adaptations in mental representation structure together with
improvements in putting performance for all groups. Moreover,
participants who practiced mentally, either solely or in combina-
tion with physical practice, revealed representation structures that
were more similar to that of experts than participants who did not
practice mentally. This was the case for both, the post-test and
the retention-test. These findings support the idea that mental
practice in the sense of motor imagery training is beneficial to the
cognitive adaptation process during motor learning.

An interesting issue to address in future studies is that of an
individual’s imagery ability and its relation to the underlying
mental representation of a particular motor action in memory.
Imagery ability pertains to an individual’s general capability to
generate and to control an image (for an overview on imagery
ability, see e.g., Morris et al., 2005; Cumming and Williams, 2012)
and has been found to moderate the influence of motor imagery
rehearsal on performance (e.g., Goss et al., 1986; Robin et al.,
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2007). In this respect, a valuable objective for future research
would be to explore the relationship between imagery ability, as
measured by the MIQ-R (Hall and Martin, 1997), the revised
version of the Vividness of Movement Imagery Questionnaire
(VMIQ-2; Roberts et al., 2008), or the Sport Imagery Ability
Questionnaire (SIAQ; Williams and Cumming, 2011), and mental
representation, as measured by SDA-M in more detail. To explain,
although holding the same level of general imagery ability, two
individuals may differ on how elaborate their underlying repre-
sentation of a certain motor skill is (and vice versa). Furthermore,
it will be interesting to investigate whether and how MTMR affects
imagery ability. Although it is well-known that motor imagery
training in general can improve imagery ability (e.g., Rodgers
et al., 1991), research has yet to be carried out to investigate the
specific influence of MTMR on imagery ability.

POTENTIAL RELEVANCE FOR TECHNICAL FIELDS
An important reason for the new interest in a cognitive-perceptual
and architectural understanding of action is the impressive devel-
opment of cognitive robotics. More research efforts are needed to
understand how mental imagery and its mechanisms in human
cognition can be applied to enhance motor control. Computa-
tional models of various kinds provide starting points to transfer
the insights from the role of mental representations and motor
imagery training to technical systems to enhance technical motor
control in human machine interactions such as humanoid robots.
Such computational models are often biologically inspired, that
is, they are artificial neural nets (e.g., WALKNET, Cruse et al.,
1998; Cruse and Schilling, 2013; Schilling et al., 2013 or echo state
networks, Krause et al., 2010). Other cognitive-inspired compu-
tational modeling approaches of mental imagery are based on
eye-movement research (Farah, 1984; Essig et al., 2012; Sima and
Freksa, 2012). Such modeling approaches can reveal engineering
principles for the development of autonomous systems that are
capable of exploiting the characteristics of mental imagery to
interact more efficiently and smoothly with the environment.
Furthermore, computational models of motor control can pro-
vide novel frameworks for the question of how the central ner-
vous system conjoins sensory signals, mental imagery and motor
commands.

CONCLUSIONS
Many theories assume that human action representations func-
tionally integrate motor information and information on action
effects. Specifically, perceptual-cognitive approaches claim that
motor control comprises representations of target objects, move-
ment characteristics, goals and anticipated disturbances. Here,
we have presented a method to objectively evaluate the structure
among basic action concepts, the fundamental building blocks
of movement representations at the mental level. Reported evi-
dence shows that the structure of movement representations as
assessed with the SDA-M is associated with individual skill levels,
biomechanical and task constraints and changes through (mental)
training. Thus, it is suggested that learning progress can also be
monitored by means of the SDA-M method which is an objective
way to measure cognitive (movement) representations.

We have reviewed a number of studies that demonstrate the
successful application of the SDA-M in professional sports such
as golf, dance and volleyball and also in other settings such as
rehabilitation after impairments. As the SDA-M permits a reliable,
individual diagnostics of movement representations, it provides
a valuable tool for individualized motor imagery training and
coaching.

The methods presented here make it possible to take the essen-
tial information on the underlying cognitive-perceptual action
system into account and, thereby, address the individual needs
of an athlete in a better way, for example, by using the described
Motor imagery Training based on Mental Representation method
(MTMR). The theoretical perspective on the construction of
action developed here (cf. Schack, 2004a,b), and the SDA-M
method could be relevant for optimizing the daily work of the
sport psychologist and also for opening up new perspectives to
modify approaches to motor imagery training (Schack and Bar-
Eli, 2007; Schack and Hackfort, 2007).
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We have previously shown that passively observing a task-irrelevant rhythmical action
can bias the cycle time of a subsequently executed rhythmical action. Here we use
the same paradigm to investigate the impact of different forms of motor imagery (MI)
during action observation (AO) on this automatic imitation (AI) effect. Participants saw a
picture of the instructed action followed by a rhythmical distractor movie, wherein cycle
time was subtly manipulated across trials. They then executed the instructed rhythmical
action. When participants imagined performing the instructed action in synchrony with
the distractor action (AO + MI), a strong imitation bias was found that was significantly
greater than in our previous study. The bias was pronounced equally for compatible and
incompatible trials, wherein observed and imagined actions were different in type (e.g.,
face washing vs. painting) or plane of movement, or both. In contrast, no imitation bias
was observed when MI conflicted with AO. In Experiment 2, motor execution synchronized
with AO produced a stronger imitation bias compared to AO + MI, showing an advantage
in synchronization for overt execution over MI. Furthermore, the bias was stronger when
participants synchronized the instructed action with the distractor movie, compared to
when they synchronized the distractor action with the distractor movie. Although we
still observed a significant bias in the latter condition, this finding indicates a degree of
specificity in AI effects for the identity of the synchronized action. Overall, our data show
that MI can substantially modulate the effects of AO on subsequent execution, wherein:
(1) combined AO + MI can enhance AI effects relative to passive AO; (2) observed and
imagined actions can be flexibly coordinated across different action types and planes; and
(3) conflicting AO + MI can abolish AI effects. Therefore, combined AO + MI instructions
should be considered in motor training and rehabilitation.

Keywords: motor simulation, mirror neurons, joint action, mental practice, video therapy, observational learning,
stroke rehabilitation, movement demonstrations

INTRODUCTION
Research in action observation (AO) and imitation has made
a series of important discoveries since the early 1990s. Tradi-
tional paradigms where imitation tasks were explicitly instructed
are now complemented by research investigating a broader range
of imitation-related phenomena (Heyes, 2013). For example, in
naturalistic social settings, interacting partners often exhibit sub-
tle but spontaneous mimicry of each other’s behavior, such as
their postures, gestures, and speech, typically without knowing or
intending to do so (Chartrand and van Baaren, 2009). Research
investigating the neurocognitive mechanisms that underpin such
imitative behavior essentially shows that watching another per-
son’s action primes execution of similar actions in the observer
(visuomotor priming ; for a review seeVogt and Thomaschke,2007).
More recently, this phenomenon has been termed automatic imi-
tation (AI; Heyes, 2011): a type of stimulus-response compatibility
(SRC) effect, wherein observing a task-irrelevant action (distrac-
tor) facilitates the performance of similar actions and interferes
with the performance of dissimilar actions. AI effects typically con-
sist of differences between response initiation times for compatible

vs. incompatible distractor actions (c.f., Brass et al., 2000, 2001;
Stürmer et al., 2000). In addition, imitation biases can also be
demonstrated using kinematic data. For instance, we recently
quantified the magnitude of AI effects in the cycle time of compat-
ible and incompatible rhythmical actions (that is, the “kinematic
fidelity” of AI, Eaves et al., 2012). In the present research we inves-
tigated whether the magnitude of this imitation bias can be modu-
lated by a range of motor imagery (MI) and execution instructions
during distractor observation. Next we describe how our previ-
ous findings led us to instruct MI during AO in the present two
experiments.

In our previous study (Eaves et al., 2012) participants saw a pic-
ture from a set of eight everyday rhythmical actions (“instructed
action”). They then passively observed a short rhythmical dis-
tractor movie of either the same or a different action, before
executing the instructed rhythmical action. Our subtle manip-
ulation of distractor cycle times (slow or fast) produced a robust
imitation bias in the cycle times of the participants’ subsequently
executed actions, that is, towards the speed of the observed distrac-
tor. This bias was only a small fraction both of our modulations
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in the distractor speed, and of the modulations that partici-
pants could produce when intentionally imitating the distractor
speeds. Relative to a fully compatible condition, the imitation
bias was reduced equally (but still present) in three incompati-
ble conditions, wherein instructed and distractor actions differed
in (a) type (e.g., tooth brushing vs. window wiping), (b) plane
of motion (horizontal vs. vertical), or (c) both. Accordingly,
we found no evidence for separable (i.e., additive) contributions
when both action type and plane were simultaneously incom-
patible. Instead, the distractor’s impact on motor processing
was generally reduced whenever the observed action was not
directly relevant to the observer’s intended actions. We concep-
tualized this finding further using Cisek and Kalaska’s (2010)
framework of biased competition, and speculated that both the
instructed and distractor actions can be modeled as parallel sen-
sorimotor streams, which may or may not compete with one
another.

In the present two studies, we employed the same extended
(offline) SRC paradigm as in Eaves et al. (2012) and investi-
gated the impact of different forms of MI during AO on this
AI effect. The rationale for doing this was twofold. First, in
our earlier study the compatibility between observed and exe-
cuted actions had served to indirectly manipulate the competition
between the two hypothetical sensorimotor streams. In the present
studies, however, we used different MI instructions during AO
(i.e., “AO + MI”) as more direct means of manipulation. Sec-
ond, a series of recent studies have shown the neurophysiological
impact of instructing MI during AO. When participants imag-
ined performing the action that they simultaneously observed (i.e.,
AO + MI), a larger number of corticomotor regions were acti-
vated compared to AO (Macuga and Frey, 2012; Nedelko et al.,
2012; Berends et al., 2013; Villiger et al., 2013). Stronger acti-
vations in motor and motor-related areas were also shown for
AO + imitative execution, compared to both AO + MI and AO
alone (Macuga and Frey, 2012; Villiger et al., 2013). While those
authors suggested motor rehabilitation and training programs
might be enhanced if practitioners combined AO + MI instruc-
tions, to our knowledge there is currently no behavioral evidence
to demonstrate the effects of such instructions on overt motor
behavior.

In Experiment 1 we contrasted two types of AO + MI instruc-
tions. During distractor AO, participants imagined from a first
person perspective the physical sensation and effort involved in
performing the instructed action in synchrony with the rhythmi-
cal distractor (AO + synchronized MI), or they imagined their
own hand in the static start-posture needed for the instructed
action (AO + static MI). By definition synchronized MI instructed
tight temporal couplings between the parallel AO and MI simula-
tions, while static MI required participants to effectively decouple
their internal simulation of their own rigid hand posture from the
on-going and dynamic AO sensorimotor stream.

In Experiment 1 our first aim (1.1) was to investigate if the
imitation bias was stronger in later execution for synchronized
MI compared to static MI. Our second aim (1.2) was to investi-
gate if synchronized MI would significantly enhance the imitation
bias relative to that which we obtained previously for passive AO
(Eaves et al., 2012). Our third aim (1.3) was to assess if static MI

would reduce the bias relative to this same passive AO condition. In
Experiment 2 we pursued four additional aims. Our first aim (2.1)
was to assess whether overtly executing an action and synchroniz-
ing this with the distractor action (AO + synchronized execution)
would increase the imitation bias relative to AO + synchronized
MI. In addition, we explored whether the imitation bias would
be specific to later execution of the action that was synchronized
with the distractor (i.e., the“distractor-synchronized action”), or if
synchronization would also influence later execution of (aim 2.2)
different action types, and (aim 2.3) in different planes of motion.
Finally, our fourth aim (2.4) was to replicate the findings obtained
for synchronized MI in Experiment 1. We report Experiment 1
first, and then describe the rationales for the aims of Experi-
ment 2 in more detail. In summary, we pursued the following
aims:

Experiment 1
Is the imitation bias more pronounced for:

1.1. AO + synchronized MI compared to AO + static MI?
1.2. AO + synchronized MI compared to the imitation bias that

we obtained previously for passive AO (Eaves et al., 2012)?
1.3. Passive AO compared to static AO?

Experiment 2
Is the imitation bias:

2.1. increased for AO + synchronized execution, compared to
AO + synchronized MI?

2.2. reduced when, during AO, participants imagined (or exe-
cuted) an action different from the subsequently executed
action, compared to imagining (or executing) the same action?

2.3. reduced when, during AO, participants imagined (or exe-
cuted) the instructed action in a plane different from that
of the subsequently executed action, compared to imagining
(or executing) in the same plane?

2.4. In addition, we were seeking to replicate the findings for syn-
chronized MI in Experiment 1, namely that there was no effect
of action type compatibility (aim 2.4a), and that synchronized
MI produced a stronger imitation bias than static MI (aim
2.4b).

EXPERIMENT 1
TASK AND DESIGN
On each trial participants observed a picture of a to-be-
pantomimed rhythmical action (“instructed action”), followed
by a short distractor movie. They then executed the instructed
action. We studied actions that are typically performed relatively
slow (“habitually slow actions”) as well as habitually fast actions.
Within each habitual speed category, slow and fast versions of each
distractor action were used.

Four blocks of thirty-two trials were conducted, with two blocks
run on each consecutive day. A four-factorial repeated-measures
design was used. MI content during distractor AO was manip-
ulated across the two blocks run in each session (synchronized
MI or static MI), in a counterbalanced order across participants.
The other three factors were manipulated within each block of tri-
als: habitual action speed (slow or fast), distractor speed (slow or
fast), the compatibility between instructed and distractor actions,
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in terms of action type compatibility (same or different action:
SA or DA), and dominant plane of motion compatibility (same or
different plane: SP or DP). Combining the two individual com-
patibility manipulations yielded one compatibility factor with four
levels: SA/SP, SA/DP, DA/SP, and DA/DP.

Note that the two factors of action type compatibility and
plane compatibility were derived from pooling the data from their
four constituent factors, namely: (1) instructed action type (face-
or surface-oriented, see Materials and Methods), (2) instructed
action plane (horizontal or vertical), (3) distractor action type
(same or different), and (4) distractor action plane (same or
different). The full combination of these four factors with habit-
ual action speed and distractor speed resulted in 64 trials for
both MI conditions, half of which were presented in a quasi-
random order within each block on Day 1, and the other half
on Day 2. As a result of the pooling, each cell of the effec-
tive four-factorial design consisted of an average across four
trials.

We avoided two potential confounds that would have been
associated with including a passive AO instruction in the present
design. First, instructing both “passively observe” and “synchro-
nize with” the distractor on consecutive and counterbalanced
blocks in the same experiment could have encouraged active syn-
chronization during passive AO trials. Second, an order effect
would likely have been induced if all passive AO trials had been
run at the start of each experiment. Therefore, we compared the
data sets obtained from the present Experiments 1 and 2 to a pas-
sive AO data set that we collected previously (Eaves et al., 2012).
While all three studies employed different instructions during AO,
the cross-experiment comparison was equitable since all three
experiments used the exact same trial structure and presented
the same stimuli across trials for the same time periods. For a
full description of all statistical analyses used, please see “Data
Analysis.”

RESULTS
The two-factorial ANOVA on the cycle time (ms) data yielded a sig-
nificant main effect of distractor speed, F(1,11) = 20.32, p = 0.001,
η2

p = 0.65. As predicted, response cycle times were shorter after
seeing a fast compared to a slow distractor (608 vs. 668 ms; see
Figure 1). Trivially, the main effect of habitual speed was also
significant, F(1,11) = 64.1, p < 0.001, η2

p = 0.85. The two-way
interaction between distractor speed and habitual speed was not
significant.

The three-factorial ANOVA performed on the ratio data yielded
only a significant main effect of MI content, F(1,11) = 16.67,
p < 0.01, η2

p = 0.6 (see Figure 2). That is, the slow:fast ratio of
response cycle times was significantly closer to that of the display
(150%) following AO + synchronized MI (123%), compared to
AO + static MI (102%). Both the main effects of compatibility
and of habitual speed were not significant, and there were no
significant interactions.

Running a series of simple effect analyses on the cycle time
(ms) data for the synchronized MI condition confirmed that
the main effect of distractor speed was significant in all four
compatibility conditions (all ps ≤ 0.001, all η2

ps ≥ 0.62). In con-
trast, for the static MI condition, the main effect of distractor

FIGURE 1 | Experiment 1: cycle times (ms). Mean cycle times for the
factors habitual speed and distractor speed. Error bars show the standard
error of the mean.

FIGURE 2 | Experiment 1: cycle time ratios (%). Mean cycle time ratios
(with standard error of the mean) for three factors involved in Experiment 1:
MI content, action type compatibility, and plane compatibility. Data
obtained previously by Eaves et al. (2012) for passive-AO is also displayed.
The cycle time ratio in the distractor actions was 150%.

speed was not significant in each of the three incompatible con-
ditions (all ps > 0.41, all η2

ps ≤ 0.06), and only approached
significance for the fully-compatible SA/SP condition (p = 0.076,
η2

p = 0.26).
Next we compared the imitation bias that we had obtained pre-

viously for passive AO (Eaves et al., 2012), to the bias obtained
first for synchronized MI and second, for static MI. In both two-
factorial, mixed measures ANOVAs the between-subjects factor
was experiment (two levels) and the within-subjects factor was
compatibility (three levels: SA/DP, DA/SP, and DA/DP). Note that
the fully compatible SA/SP condition was excluded from both of
these analyses. Since we previously submitted that participants
could have covertly used the fully compatible “task-irrelevant”
distractor as a strategic guide for their own actions, only the
incompatible conditions in our previous experiment can be taken
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as evidence for genuine AI effects. The first of these two anal-
yses compared passive AO to synchronized MI (see Figure 2).
The main effect of experiment was significant, F(1,20) = 12.02,
p < 0.01, η2

p = 0.38. Here the magnitude of the imitation bias
was significantly stronger for the present synchronized MI condi-
tion (122%) compared to that for passive AO (106%). The main
effect of compatibility and the two-way interaction between exper-
iment and compatibility was not significant. The second of these
two analyses compared passive AO to static MI. Here the main
effect of experiment exhibited only a trend towards significance,
F(1,20) = 2.86, p = 0.110, η2

p = 0.13, wherein the imitation
bias was numerically reduced for static MI relative to passive AO
(100 vs. 106%). The main effect of compatibility and the two-
way interaction between experiment and compatibility was not
significant.

DISCUSSION
Regarding our first aim (1.1), synchronized MI significantly
enhanced the magnitude of the imitation bias across all four
compatibility conditions compared to static MI (123 vs. 102%,
respectively). With regard to our second aim (1.2), the imi-
tation bias was significantly more pronounced for the three
incompatible synchronized MI conditions compared to the three
incompatible passive AO conditions that we had previously stud-
ied (123 vs. 106%, Eaves et al., 2012). The most likely explanation
is that synchronized MI increased the strength of sensorimo-
tor coupling to the display. In essence, for synchronized MI we
instructed participants to generate a dynamic internal motor sim-
ulation of the instructed action. This involved imagining the
physical sensation and effort involved in performing this action.
They then coupled the spatio-temporal features of this internal
simulation with those of the second sensorimotor representation –
that of the observed distractor action. Accordingly, this instruction
enhanced (covert) sensorimotor coupling with the display, which
biased later execution.

We further found that the imitation bias was equally strong
across the four compatibility conditions for AO + synchronized
MI. This indicates that similarly tight temporal couplings are
possible between AO and MI, even when their contents do not
match, with respect to the action type, plane of motion, or both.
Accordingly, AO + synchronized MI appears to be a relatively
flexible process that can accommodate a good range of AO + MI
configurations.

These findings have direct importance for applied practition-
ers who wish to improve motor learning (e.g., in sports, pilates,
yoga, and dance) and rehabilitation procedures (e.g., in stroke
and neuro-degenerative patients). Practitioners typically regard
both AO and MI as two potentially useful but distinctly separate
adjunct tools (see Hodges et al., 2007; Braun et al., 2013; Poliakoff,
2013). However, our data provide the first behavioral evidence
that combined AO + MI instructions can significantly modu-
late AI effects in the kinematics of later execution. Therefore, the
present findings are in line with the recommendations of the recent
neurophysiological studies (Macuga and Frey, 2012; Nedelko et al.,
2012; Berends et al., 2013; Villiger et al., 2013), in that they support
calls for new approaches to rehabilitation and training to include
combined AO + MI instructions (see Vogt et al., 2013).

Regarding our third aim (1.3) we found that the imitation
bias, which was clearly present following AO + synchronized MI,
was largely absent after AO + static MI. For static MI there was
no significant main effect of distractor speed in any of the four
compatibility conditions (the numerically larger bias for the com-
patible distractors presumably indicates that it was slightly harder
to remain decoupled from the display when the observed and
imagined actions matched). In addition, we found a clear trend
for a reduced imitation bias in static MI (100%) relative to passive
AO (106%) in Eaves et al. (2012), where distractor speed effects
were significant in each individual compatibility condition. Most
likely, the absent imitation bias for the static MI condition is due to
a dominant effect of MI (here: static) on subsequent motor execu-
tion, relative to the otherwise robust effect of AO. This result was
not unexpected, given that participants were instructed to decou-
ple their MI content from the concurrent AO process in the static
MI condition.

Taken together the present data provide a first clear-cut demon-
stration of the strong modulatory effects of MI instructions during
AO. While synchronized MI enhanced the imitation bias beyond
passive AO, even under conditions where AO and MI contents
were not identical, static MI practically abolished this AI effect.
Our data also provide the first empirical support for a spectrum of
different AO + MI states, ranging from congruent to coordinative,
and finally to conflicting cases of AO + MI, as described next (for
an extended account, see Vogt et al., 2013).

First, as in our Experiment 1, the neurophysiological exper-
iments described in the Introduction used congruent AO + MI
instructions: participants imagined themselves performing the
same action that they simultaneously observed (c.f., Nedelko et al.,
2012; Macuga and Frey, 2012). In our version of this task, we
instructed participants to “switch on” their awareness of their own
body schema and map the observed action onto their own felt hand
(i.e., compatible synchronized MI). Subjectively this is different
from simply observing, and our behavioral data clearly underpin
this. A second AO + MI state is coordinative AO + MI, which was
represented in the present design by the incompatible synchro-
nized MI conditions. In contrast to congruent AO + MI, which
directs a narrow focus of attention towards tight synchroniza-
tion, coordinative AO + MI offers a potentially limitless array of
spatio-temporal configurations between observed and imagined
actions. Therefore, this arrangement invites many open questions
and interesting lines of empirical enquiry (see Vogt et al., 2013). In
rehabilitation, for example, patients might benefit from watching
video-taped repetitions of a naturalistic action while making pro-
gressive changes in either range of motion or force production in
their coordinated MI across trials. Most likely, both congruent and
coordinative AO + MI states can be shaped into effective training
procedures.

Finally, congruent and coordinative AO + MI states can be
distinguished from cases of conflicting AO + MI, which we have
implemented here via the static MI condition. While such con-
ditions are unlikely beneficial for practitioners, they may prove
an important research tool, similar to the use of compatible and
incompatible visual stimuli in research on AI. It is also useful to
contrast the present detrimental effect of static MI on AI with
other proposed inhibitory mechanisms. In particular, previous
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research has identified that both AO and MI can give rise to motor
commands, but that these are typically blocked at some level
of the motor system by inhibitory mechanisms (e.g., Hardwick
et al., 2012; and see Brass and Heyes, 2005; Guillot et al., 2012).
At present, the processes by which this inhibition is achieved are
not yet clear. For example, it is not clear whether inhibition is
mediated by specific brain structures, or by intracortical facilita-
tion/inhibition (Di Rienzo et al., 2013). In contrast, the present
detrimental effects of static MI on AI most likely reflect a dif-
ferent class of “inhibitory” processing, namely a decoupling of
the default impact of AO on motor processing by concurrent
engagement in conflicting MI. For example, in an applied sport-
ing context, MI of an action that differs from that of an observed
opponent is one feasible strategy for avoiding an unwanted bias
in later execution. Although this is presently a tentative sug-
gestion, it may warrant further empirical investigation in the
future.

Overall, Experiment 1 shows: (1) combined AO + MI instruc-
tions can enhance AI effects relative to passive AO; (2) AO and
MI content can be flexibly coordinated across different planes and
different action types; and (3) conflicting AO + MI content can
abolish AI effects. Furthermore, we hope that the above classifica-
tion of the three AO + MI states might motivate both applied and
basic researchers to examine the boundaries, characteristics and
opportunities for practical implementation of each state further.
In Experiment 2 we explored two related themes. First, we studied
the potentially stronger impact of motor execution, as compared
to MI, during AO. Second, we manipulated the overlap between MI
(and motor execution) content during AO with the subsequently
executed action, in order to further explore the specificity of the
imitation bias.

EXPERIMENT 2
Since the largest gains in motor proficiency are most likely avail-
able through physical rather than mental practice (c.f., Higuchi
et al., 2012), we wanted to assess the relative contributions of each.
Therefore, in Experiment 2 our first aim (2.1) was to compare
the magnitude of the imitation bias for AO + synchronized MI
relative to that obtained from synchronizing overt motor execu-
tion with the display (AO + synchronized execution). For two
reasons we expected an increase in the imitation bias for synchro-
nized execution compared to synchronized MI. First, sensorimotor
involvement should increase during synchronized execution (e.g.,
Macuga and Frey, 2012; Villiger et al., 2013). Second, temporary
losses in synchronicity may be more frequent for synchronized
MI, where afferent information is reduced. Given that there
was no compatibility effect for synchronized MI in Experiment
1, we expected similar results for synchronized execution in
Experiment 2.

In Experiment 2 we also studied the effects of a wider range
of MI and overt synchronization instructions on subsequent exe-
cution. While in Experiment 1 the content of MI was always the
to-be-executed (instructed) action, in Experiment 2 we used three
different “synchronization type” instructions (i.e., for both MI
and overt execution during AO, see aim 2.1). The first condition,
“Synchronize the Instructed action” (SI), resembled the standard
instructions in Experiment 1. Relative to this SI condition, we

manipulated the extent of the overlap between the imagined (or
overtly executed) action with the observed action in two ways.
In the second condition, “Synchronize the Distractor action”
(SD), participants imagined performing (or overtly performed)
the action shown in the distractor movie. Independent of this
manipulation, we again manipulated the compatibility between
the instructed and distractor actions (manipulation of “action type
compatibility” as in Experiment 1). This meant that, during obser-
vation of incompatible distractor actions, participants imagined
(or executed) an action that was the same as the distractor, but dif-
ferent from the instructed action that they would later execute (e.g.,
while observing window wiping they imagined performing win-
dow wiping and then subsequently executed tooth brushing). Note
that for compatible action types, the SI and SD conditions were
identical.

The third synchronization instruction in Experiment 2 was
“Synchronize the Instructed action in the Orthogonal Plane”
(SIOP). Here participants imagined performing (or overtly per-
formed) the instructed action but in the plane orthogonal to that
shown in the distractor movie. Note that, unlike in Experiment
1, in Experiment 2 the dominant plane of motion was always
compatible between the instructed and distractor actions, thus the
plane of the synchronized action was always different from that
of both the instructed and distractor actions. For a full overview
of the experimental conditions in Experiment 2, see Figure 4 and
Table 1.

The purpose of the SD and SIOP conditions was to assess if
reducing the overlap between the distractor-synchronized action
and the subsequently executed action would affect the imitation
bias towards the observed rhythm, relative to the standard SI con-
dition. Specifically, in the incompatible SD condition, we were
interested if imagining (or performing) a given action with a cer-
tain distractor speed would also affect the speed of subsequently
performing a different action (aim 2.2). A negative finding would
demonstrate a highly action-specific priming effect, whereas a
positive finding would demonstrate a degree of generalization
for the observed rhythm across different imagined and executed
actions.

Regarding our third aim (2.3) we assessed if imagining (or
performing) a given action with a certain distractor speed would
also affect the speed of subsequent execution in a different plane
(i.e., compatible SIOP vs. compatible SI trials). A negative finding
would indicate that the imitation bias was highly plane-specific,
whereas a positive finding would demonstrate a degree of gener-
alization of the imagined (or performed) rhythm across different
planes of motion. Note that the manipulation of plane compati-
bility in our previous studies (Eaves et al., 2012, and Experiment
1 in the present paper) does not inform on this issue, since
the previously imagined and to-be-performed planes of motion
had always been identical. In addition to the two main aims
regarding the manipulations of synchronization type (i.e., aims
2.2 and 2.3) we also studied if the possible plane-specific imita-
tion effect might be further affected by a discrepancy between
the observed and imagined (or performed) action. For exam-
ple, it is conceivable that imagining vertical toothbrushing while
observing horizontal tooth brushing affects the rhythm of subse-
quently performed horizontal toothbrushing (action-compatible
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Table 1 | Summary of the three synchronization instructions in Experiment 2.

Synchronization type Instructed action

(picture)

Distractor action

(movie)

Action synchronized with

distractor

Executed action

Synchronize Instructed action (SI) Tooth brushing Window wiping Tooth brushing Tooth brushing

Synchronize Distractor action (SD) Tooth brushing Window wiping Window wiping Tooth brushing

Synchronize Instructed action in the

Orthogonal Plane (SIOP)

Tooth brushing Window wiping Orthogonal tooth brushing Tooth brushing

These instructions varied the degree of overlap between the action that was synchronized with the distractor and the subsequently executed instructed action. Within
each synchronization type, participants were instructed to either imagine or overtly perform the required action during distractor observation. The table shows the
instructions for one example trial involving incompatible actions.

SIOP condition), but also that the imitation bias might be weaker
still when the MI needs to be synchronized with a movie of hor-
izontal window wiping (action-incompatible SIOP condition, see
Table 1).

Our fourth aim (2.4) for Experiment 2 was to replicate, via
the SI condition, two findings from Experiment 1. Namely, can
synchronized MI: (aim 2.4a) remove the action type compatibility
effect as found in Eaves et al. (2012); and (aim 2.4b) enhance the
imitation bias relative to both static MI and to our previous passive
AO effects. Contrary to the SI condition, we predicted that action
type compatibility would modulate the imitation bias in both the
SD and the SIOP conditions. Therefore, we should also find a two-
way interaction between synchronization type and action type
compatibility. Within each synchronization type, we expected this
finding to be pronounced similarly within each synchronization
mode.

TASK AND DESIGN
The same basic trial structure was used as in Experiment 1,
whereby participants saw on each trial a picture of the instructed
action, then a rhythmical distractor movie, and then executed
the instructed rhythmical action. Unlike in Experiment 1, we
kept the dominant plane of motion compatible between the
instructed and distractor stimuli. Six blocks of thirty-two tri-
als were conducted, with three blocks run on each of the two
consecutive days. A five-factorial repeated-measures design was
used. Across the three blocks run on each day participants fol-
lowed one of three synchronization type instructions. First, as
in Experiment 1, during distractor observation participants per-
formed the instructed action type and synchronized this with
the movie, before executing the instructed action (Synchronize
Instructed action: SI). Second, in condition “Synchronize Dis-
tractor action” (SD) we instructed participants to perform the
distractor action type and synchronize this with the movie before
executing the instructed action type. Third, in condition “Syn-
chronize Instructed action in the Orthogonal Plane” (SIOP)
participants performed the instructed action type and synchro-
nized this with the movie, but in the orthogonal plane to that of
the distractor movie. For a summary of these conditions, please see
Table 1.

Each of the three larger blocks described above were split
into four mini-blocks of eight trials. Synchronization mode

(synchronized MI or synchronized execution, see aim 2.1 above)
was manipulated across consecutive mini-blocks in an alternat-
ing order, which was counterbalanced across participants. The
other three factors were manipulated within each mini-block of
trials: habitual action speed (slow or fast), action type compatibil-
ity between the instructed and distractor actions (same action or
different action; SA or DA), and distractor speed (slow or fast).

As in Experiment 1, we pooled the data across the constituent
factors, resulting in 64 trials for each of the three synchronization
types, half of which were presented in a quasi-random order across
the four mini-blocks in session one, and the other half in session
two. Again, each cell of the effective five-factorial design consisted
of an average across four trials.

RESULTS
The two-factorial ANOVA on the cycle time (ms) data yielded a sig-
nificant main effect of distractor speed, F(1,13) = 41.46, p < 0.001,
η2

p = 0.76. As predicted, response cycle times were shorter after
seeing a fast compared to a slow distractor (614 vs. 710 ms; see
Figure 3). Trivially, the main effect of habitual speed was also sig-
nificant, F(1,13) = 119.23, p < 0.001, η2

p = 0.9. The interaction
between distractor speed and habitual speed was also significant,
F(1,13) = 10.36, p < 0.01, η2

p = 0.44. This reflected the fact that,
although the ratio of slow:fast distractor speeds was the same for
each habitual speed (150%), the absolute difference between dis-
tractor cycle times was greater in habitually slow actions compared
to habitually fast actions (see Data Analysis).

The four-factorial ANOVA on the cycle time ratio (%)
data yielded a significant main effect of synchronization mode,
F(1,13) = 12.38, p < 0.01, η2

p = 0.49 (see Figure 4). Overall,
the imitation bias was more pronounced for synchronized execu-
tion compared to synchronized MI (119 vs. 115%, respectively).
The main effect of synchronization type was also significant,
F(2,23) = 3.4, p = 0.05, η2

p = 0.21. Pairwise comparisons identified
that the imitation bias was more pronounced for the SI condi-
tion compared to the SIOP condition (119 vs. 115%; p = 0.01),
while these two conditions were not significantly different from the
SD condition (117%; both ps > 0.05). The main effect of action
type compatibility was significant, F(1,13) = 27.08, p < 0.001,
η2

p = 0.68, wherein the response cycle time ratio was closer to
the display ratio (150%) for compatible compared to incompati-
ble action types (119 vs. 115 %). Different from the ANOVA on
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FIGURE 3 | Experiment 2: cycle times (ms). Mean cycle times for the
factors habitual speed and distractor speed. Error bars show the standard
error of the mean.

FIGURE 4 | Experiment 2: cycle time ratios (%). Mean cycle time ratios
(with standard error of the mean) for the factors synchronization type,
synchronization mode and action type compatibility. The SI condition (also
used in Experiment 1) served as a reference condition for both the SD and
SIOP conditions. The cycle time ratio in the distractor actions was 150%.

the mean cycle time data (ms), the effect of habitual speed was
not significant in the cycle time ratios, confirming that the imita-
tion bias was pronounced similarly for both habitual speeds, when
expressed as cycle time ratios.

The only significant interaction was between synchronization
type and action type compatibility, F(1.36,17.69) = 4.7, p = 0.03,
η2

p = 0.27. Pairwise comparisons showed that the imitation bias
was significantly reduced when action type was incompatible
compared to compatible between the instructed and synchro-
nized action for both the SD (119 vs. 115%; p < 0.03) and the
SIOP conditions (119 vs. 112%; p < 0.001), but not for the SI
condition (120 vs. 118%; p > 0.05). A series of more specific sim-
ple main effect analyses compared compatible vs. incompatible
action type within each synchronization mode for both the SD
and SIOP conditions. These analyses confirmed that the bias was

significantly reduced for incompatible compared to compatible
trials within both modes for both the SD and SIOP conditions
(all ps < 0.05). Additionally, when action type was compatible
within both synchronization modes the bias was not modulated
across the SI, SD, and SIOP conditions. First, these results confirm
that in the SD condition the bias was reduced when the action
type differed between the instructed and synchronized action for
both synchronization modes. Second, in the SIOP condition the
bias was not reduced when only plane was incompatible between
these two actions. However, the bias was reduced when orthog-
onal synchronization was with an incompatible compared to a
compatible action type within both synchronization modes (see
Figure 4).

In two further analyses we compared the SI condition from
Experiment 2 to the two MI conditions in Experiment 1. Both
simple main effect analyses involved one between-subjects fac-
tor of experiment (two levels) and one within-subjects factor of
action type compatibility (SA/SP or DA/SP). The latter reflected
the fact that although four compatibility levels were used in both of
our previous experiments, action type was the only compatibility
factor manipulated in Experiment 2. The first analysis compared
the present synchronized MI data (SI condition) to the equiva-
lent synchronized MI data from Experiment 1. The main effects
of experiment and of action type compatibility, as well as the
related two-way interaction, were not significant. Therefore the
magnitude of the bias for synchronized MI was replicated across
Experiments 1 and 2. The second analysis compared the synchro-
nized MI data from Experiment 2 (SI condition) to the static MI
data from Experiment 1. The main effect of experiment was sig-
nificant, F(1,24) = 9.5, p < 0.01, η2

p = 0.28, wherein the imitation
bias was greater for the present synchronized MI condition (117
vs. 105%, respectively). Again this replicated our earlier finding
from Experiment 1. Unexpectedly, the main effect of action type
compatibility was significant, F(1,24) = 5.11, p = 0.03, η2

p = 0.18,
wherein the bias was more pronounced for compatible compared
to incompatible trials (113 vs. 108%), indicating a pocket of
stronger distractor effects in a subset of the data. The two-way
interaction between experiment and action type compatibility was
not significant.

In two final steps we ran further simple main effect analyses.
First, running these analyses on the cycle time (ms) data confirmed
a significant main effect of distractor speed within each of the
12 conditions in Experiment 2 (all ps < 0.027, all η2

ps ≥ 0.32).
Second, we then compared each of these twelve conditions to the
fully-incompatible, and therefore most conservative, passive AO
condition from our previous study (i.e., DA/DP, Eaves et al., 2012).
The imitation bias for ten of the twelve conditions in Experiment
2 was significantly greater than that for passive AO (all ps ≤ 0.03).
However, the bias was not significantly greater than passive AO for
synchronized MI when action type was incompatible between the
instructed and synchronized actions in both the SD and the SIOP
condition.

DISCUSSION
Regarding our first aim (2.1), the significant main effect of syn-
chronization mode showed that the imitation bias was enhanced
following overt compared to imagined distractor synchronization.
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This result was largely anticipated, since Macuga and Frey (2012)
and Villiger et al. (2013) have already demonstrated stronger acti-
vations for AO + execution in a number of cortical sites. Here
we provide the first behavioral evidence that nicely corresponds
to this. It is most likely that the imitation bias was enhanced
by increases in somatosensory feedback during overt compared
to imagined execution. Accordingly, we can speculate that tem-
poral losses in synchronicity are more common for AO + MI
compared to AO + execution. This is interesting since a tight
temporal coupling is typically found between an observed action
and its internal motor representation (e.g., Borroni et al., 2005;
see also Rizzolatti and Sinigaglia, 2010). Evidence from mental
chronometry research has also established the principle of tem-
poral congruency, whereby both MI and execution of the same
action typically follow the same time course (see Collet et al.,
2013). As such, more detailed studies are now required to examine
the degree of spatio-temporal coupling between parallel inter-
nal simulations for different AO + MI configurations. Overall,
the findings from the present two studies indicate that combined
AO + MI instructions will be most useful in applied settings when
overt execution is either restricted or not possible, for example,
due to time or injury constraints. However, further research is
needed to establish the efficacy of more specific instructions for
practitioners.

Research using event-file paradigms has shown that when
certain perception-action features co-occur during action obser-
vation (here: action type and rhythm), the neural signatures
representing those particular features become closely associated
(e.g., Nattkemper et al., 2010; Kühn et al., 2011). In our case, the
execution or imagery of a given action should bias its subsequent
execution towards the rhythm associated with it, whilst execu-
tion of an action without such association would not carry the
same bias. Indeed we found that the imitation bias was present in
all twelve compatibility conditions in Experiment 2. However, in
relation to our second aim (2.2), both the main effect of action type
compatibility and the two-way interaction between synchroniza-
tion type and action type compatibility were significant. Simple
main effect analyses showed that the imitation bias was signif-
icantly reduced for both execution modes in the SD condition
when the instructed action type was incompatible compared to
compatible with the distractor-synchronized action. Therefore,
synchronization does not bias the execution of all subsequent
actions to the same degree. Instead, our results highlight a degree
of specificity for synchronization effects, whereby later execution
is more strongly biased for action types that are represented during
and, therefore, are directly involved in distractor synchronization.
The absence of a compatibility effect within both modes for the SI
condition is in line with this argument, since the instructed action
was always represented during distractor synchronization in the SI
condition. Here we replicate the result found for synchronized MI
in Experiment 1 (see aim 2.4a), and show that the same trend exists
for overt motor synchronization. Overall, although both imag-
ined and overt actions can be flexibly coordinated with a range of
observed actions that differ in planes and action types, this syn-
chronization did not bias motor execution of a similarly broad
range of action types. This was markedly so for the incompatible
synchronized MI trials in the SD condition, where the imitation

bias was no greater than that for our previously obtained passive
AO condition (Eaves et al., 2012).

Regarding our third aim (2.3), simple main effect analyses
showed that synchronizing with the distractor in the oppo-
site plane alone (i.e., compatible SIOP trials) did not affect
the imitation bias relative to the standard SI condition. This
result complements our earlier finding for the plane compatibil-
ity manipulation in Experiment 1 (for AO + synchronized MI).
Together these results demonstrate that AO and MI contents can be
flexibly coordinated across different planes of motion and, accord-
ingly, that the AI effect as studied here does not rely on plane
compatibility. Previous research has shown that when an actor
performs a rhythmical arm movement while observing a spatially
orthogonal rhythmical action, variability increases in the actor’s
movements orthogonal to the instructed action (Kilner et al., 2003,
2007; Bouquet et al., 2007; Richardson et al., 2009; Romero et al.,
2012). Accordingly, it is possible that a similar interference effect
occurred during AO + synchronization in the present SIOP tri-
als. However, the present design was not optimized to study such
effects, and we instead used the cycle time of later execution to indi-
cate the temporal coordination between the previously observed
and synchronized actions. Here we demonstrate that, despite those
possible increases in spatial variability, plane compatibility did
not modulate the temporal coupling for both overt and imag-
ined actions. This tentatively suggests that temporal couplings are
relatively unaffected by spatial alignment.

While the compatible SIOP condition did not modulate the
imitation bias relative to the compatible SI condition, we did find
that the bias was reduced, although still present, for incompati-
ble compared to compatible SIOP trials in both execution modes,
that is, when participants synchronized in a different plane with a
different distractor action. This result is in line with that for the
incompatible vs. compatible SD trials. The action-incompatible
SIOP trials thus identified a further boundary condition to the
otherwise rather flexible coordination of AO and MI contents.
This is not too surprising, given that this condition presented a
considerable challenge to participants, in terms of the complexity
of the task. This was primarily born out when synchronization was
imagined rather than overt, which presumably reflected a reduced
motor involvement for MI compared to execution. Overall, while
the imitation bias was present in each of the 12 compatibil-
ity conditions of Experiment 2, the reduced bias found for the
action-incompatible SD and SIOP conditions identifies a degree
of specificity of AO + MI processes for the subsequently performed
action.

With regard to our fourth aim (2.4b), Experiment 2 nicely
replicated our finding from Experiment 1 that the imitation bias
for synchronized MI was greater than that for both static MI
(Experiment 1) and passive AO (Eaves et al., 2012). The imi-
tation bias was also pronounced equally across Experiments 1
and 2. However, unlike in our previous analysis of synchro-
nized MI vs. static MI in Experiment 1, which involved four
compatibility levels, there was a main effect of compatibility
when synchronized MI (Experiment 2) was compared to static
MI (Experiment 1). Here the bias was stronger for compatible
trials when only the SA/SP and DA/SP conditions were com-
pared across the two experiments. This was likely due to the
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numerically greater distractor effects for compatible static MI
(see Figure 2). However, in the main three-factorial ANOVA in
Experiment 1 there was no main effect of compatibility or sig-
nificant interaction involving compatibility and MI content, and
since the simple main effect analyses in Experiment 1 revealed
that static MI reduced the distractor effects in each compatibil-
ity condition (ms data), we refrain from further interpretation
of this small pocket of significant findings in a subset of the
data.

GENERAL DISCUSSION
Foremost in the present data is that combined AO + MI instruc-
tions can facilitate AI effects in the cycle times of subsequently
executed rhythmical actions. Therefore, our behavioral data sup-
port the calls for applied practitioners to include combined
AO + MI instructions in motor training and rehabilitation pro-
grams. We also show that AO and MI content can be flexibly
coordinated across different action types and different planes, and
this can bias actions executed in either the same or orthogonal
plane equally. We additionally show that static MI can practically
abolish AI effects in later execution.

While integrative accounts of AO and MI as sub-forms of action
simulation are not new (see Shepard, 1984; Jeannerod, 1994, 2001,
2006), research efforts to study their contributions to action exe-
cution have largely branched out to focus on either AO or MI (see
Vogt et al., 2013). Our paradigm represents a return to a more
integrated approach to investigating these two closely related pro-
cesses. As such, the data we obtained in Experiment 1 led us to
distinguish three AO + MI states, ranging from congruent over
coordinative to conflicting AO + MI states (Vogt et al., 2013). We
hope these distinctions pave the way for both practitioners and
experimental researchers to examine the boundaries, character-
istics, and applied opportunities of each state further. Next we
outline some considerations for future research in this area.

First, since congruent AO + MI instructions enhanced motor
execution relative to passive AO, a major concern is that this
strategy has seldom been accounted for in many of the exist-
ing AO experiments. In a large number of neuroimaging studies
on AO, participants could have either covertly or spontaneously
re-interpreted standard AO instructions as an AO + MI instruc-
tion. For example, it is not completely clear whether AO + MI
was undertaken even on some “pure” AO trials in the four afore-
mentioned imaging studies. Since we clearly show that combined
AO + MI instructions can bias motor execution more strongly
than passive AO, future studies should address this potential con-
found, wherein imaging data (in conjunction with behavioral
measures) will be useful for more careful contrasts between pure
AO, pure MI, and AO + MI content. Second, while the imitation
bias was enhanced equally by both congruent and coordinative
AO + MI in the present studies, future research could investigate
more closely under which conditions superior training condi-
tions might be afforded by one or the other AO + MI state.
Third, we observed that during conflicting AO + MI (static MI
in Experiment 1), the imitation bias was practically abolished.
While this instruction will unlikely be beneficial for practitioners
in the field, it may prove useful as a methodological tool, similar to
the use of compatible and incompatible stimuli in research on AI.

For example, this approach could address whether an inverse effect
for AO on MI exists, wherein the resilience of MI to conflicting
AO conditions is presently unknown.

We also showed that synchronising motor execution with AO
produced a stronger imitation bias compared to AO + synchro-
nized MI. This finding is in line with those neurophysiological
studies showing greater motor cortical activations for AO + exe-
cution compared to both AO + MI and AO (Macuga and Frey,
2012; Villiger et al., 2013). Our behavioral data indicate that
those increased motor activations could reflect increases in sen-
sorimotor coupling processes. Overall, since AO + synchronized
execution enhanced the bias further, AO + MI instructions
appear best suited to applied settings when motor execution is
either restricted or not possible, that is, due to time or injury
constraints.

Findings from event file paradigms (see Nattkemper et al.,
2010) indicate that the co-occurrence of perception-action fea-
tures would likely bias the execution of similar rhythmical actions.
Indeed we found that the imitation bias was pronounced in all
twelve compatibility conditions in Experiment 2. However, our
findings for the incompatible SD and SIOP conditions highlight a
degree of specificity for covert synchronization effects. Our data
indicate that execution is biased more strongly by preceding sen-
sorimotor processing when these two processes involve the same
action. In comparison, disparity of plane between these two pro-
cesses alone did not reduce the imitation bias. Therefore, although
synchronizing motor processes (both MI and overt execution)
with an observed action can accommodate a good range of con-
figurations, we have also identified action disparity as a tentatively
limiting factor.

Overall, Experiments 1 and 2 provide the first empirical evi-
dence for the strong impact of different AO + MI states on AI
effects in rhythmical actions. The distinction of the three AO + MI
states now invites a range of new empirical and theoretical ques-
tions. For example, in which ways can we further assess the
spatio-temporal couplings between parallel AO and MI streams,
and what moderating roles might the sense of agency, MI perspec-
tive, and individual differences in motor expertise play? We believe
the present work provides a valuable platform for addressing these
issues further in an integrative way.

MATERIALS AND METHODS
EXPERIMENT 1
Participants
Twelve female participants (mean age 20.7 years; SD = 0.8 years)
volunteered for the study. All had normal (n = 10) or corrected-
to-normal vision. Participants were naïve to the study’s purpose,
right-hand dominant, and without physical injuries. Written
informed consent was obtained prior to participation, and ethical
approval was granted by Lancaster University.

Stimuli and apparatus
A conventional digital video camera (Panasonic NV-MX500B) was
used to create the instructed action pictures and distractor movie
stimuli. In total we used four different instructed actions. These
were categorized either as actions that would typically be per-
formed at a habitually slow pace (face washing: face-orientated;
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painting: surface-orientated) or fast pace (tooth brushing: face-
orientated; window wiping: surface-orientated). Since each action
was also instructed to be in either the horizontal or vertical
plane, this gave a total of eight different instructed action pictures
(Figure 5). The model performed all actions with her left hand to
provide mirror images of the participants’subsequent actions, who
always executed actions with their right hand. This arrangement
provided spatial compatibility between displayed and performed
actions, which can facilitate imitation relative to an anatomically
matched but spatially incompatible arrangement (e.g., Koski et al.,
2003; Buccino et al., 2004).

Sixteen distractor movies were used in the main experiment,
one slow and one fast version of each of the eight instructed
actions. During filming, the model’s performance had been paced
by a metronome to achieve the exact distractor speeds shown
in Table 2, whereas throughout the experiment all stimuli were
displayed without sound. Importantly, instructed action stim-
uli were always paired with a distractor stimulus from within
the same habitual speed category. We used two habitual speeds
for two reasons: first, we wanted to assess the imitation bias
of the distractor movies on motor execution across a range of
cycle times and not just for one speed. Second, the fact that
participants executed, in quasi-random order, rhythmical actions
with two substantially different habitual speeds served to divert
their attention away from the more subtle manipulation of the
distractor speeds. Finally, note that each instructed action was
displayed with the relevant object (sponge, paintbrush, tooth-
brush, or cloth), which enabled quick discrimination between
the actions, whereas participants performed pantomimed actions
(i.e., without objects). The latter was done to avoid partici-
pants having to select the relevant object in the beginning of
each trial. The distractor movies showed pantomimed actions
to allow participants to better distinguish between instructed
and distractor stimuli, and to potentially strengthen the impact
of the distractor stimuli on their subsequent pantomimed
execution.

FIGURE 5 | Instructed action stimuli with the factors habitual speed,
dominant plane of motion, and orientation (as used in Eaves et al.,
2012).

Table 2 | Distractor stimuli specifications.

Parameters Habitually slow actions Habitually fast actions

Distractor speed Slow Fast Slow Fast

Beats per min 60 90 120 180

Cycle times (ms) 1000 667 500 333

Total cycles in 4 s 4 6 8 12

Slow:fast ratio (%) 150 150

Participants sat at a wooden desk in a dimly lit room facing
a 17-in LCD computer monitor (Apple Studio Display) posi-
tioned approx. 80 cm away from their head. All stimuli were
displayed against a light gray background via PsyScript 2.3 software
(https://open.psych.lancs.ac.uk/software/PsyScript.html) running
on a Power Macintosh G4 computer fitted with a digi-
tal I/O board. The start location for the participants’ right
index finger and thumb was on an electro-conductive plate
mounted on top of a 23 cm-tall wooden post, 20 cm in
front of them on the desk. A magnetic motion sensor was
fitted to the distal end of the second metacarpal bone of
the right hand. Participants’ kinematic data were sampled
at 103 Hz in 3-D space for 4 s periods using a Minibird
Magnetic Tracking System (Ascension Technology Corp.), and
stored on a separate PC. At the end of each trial, kinematic
data plots were displayed on a second monitor, unseen by
participants.

Procedures
Familiarization. In Phase 1 participants learned to pantomime
each action from a set of eight familiarization movies (eight
actions with two attempts each). These movies were identical to
the movies in the main experiment, except that the cycle times
were mid-way between the distractor speeds shown in Table 2,
that is, 75 bpm for the habitually slow actions, and 150 bpm
for the habitually fast actions. Participants were given verbal
feedback about their movement based on the kinematic plots
visible to the experimenter. This ensured that their movement
amplitude and cycle time aligned closely with the medium-paced
stimuli. In Phase 2, participants saw a picture of each action
while simultaneously pantomiming the same action for 4 s (16
trials). In Phase 3, they experienced the structure of trials for the
main experiment, including the four compatibility conditions (16
trials).

In Phase 4, participants repeated Phase 3 but performed
MI during AO. During distractor AO, participants imagined
from a first person perspective the physical sensation and effort
involved in either (1) performing a dynamic version of the
instructed action that was time-synchronized with the rhyth-
mical distractor (AO + synchronized MI), or (2) adopting the
static start-posture needed for the instructed action (AO + static
MI). Compatible and incompatible MI content was practiced in
both conditions, and overt movements were only executed after
distractor offset. In Phases 2 to 4, verbal feedback was only
given if movements occasionally drifted away from the criterion
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amplitude (10 cm for all actions) or cycle times. Short versions
of this familiarization procedure were run on each new day of
testing.

Main experiment. When participants placed their fingers in the
start location, a green circle appeared on the monitor for 1 s to
mark the beginning of a trial (Event A in Figure 6). (B) Then a
picture of the to-be-pantomimed “instructed action” was shown
for 1.5 s, followed by (C) a distractor movie of the same girl pan-
tomiming either the same or a different action for 4 s. During
distractor observation participants engaged in either synchronized
MI or static MI, while visually fixating on the model’s left eye,
rather than directly coupling their vision to the model’s rhythmi-
cal arm movements (c.f., Schmidt et al., 2007; Eaves et al., 2012).
(D) For Experiment 2 only, a pause was inserted (red dot) to sepa-
rate synchronized execution from (E) execution of the instructed
action, which was cued by the appearance of a neutral, light-
gray background. The end of the 4 s kinematic recording interval
(E) was indicated by a computer-generated auditory signal, after
which participants were sometimes asked to verbally report dis-
tractor characteristics (see below) before moving their hand back
to the start location.

In both Experiments 1 and 2 the core manipulation across trials
was that of distractor speed, with a ratio of slow:fast movements
of 150% (see Table 2). Participants were not informed of the
distractor speed changes, and this manipulation was further con-
cealed by the more prominent differences between the two habitual

FIGURE 6 | Sequence of events in Experiments 1 and 2. (A) A green
circle appeared when participants placed their fingers in the start location.
(B) A picture of the to-be-pantomimed instructed action was shown,
followed by (C) a distractor movie of the model pantomiming either the
same or a different action. During AO (C) in Experiment 1 participants
engaged in either synchronized MI or static MI. In Experiment 2
synchronization type was manipulated during AO [Synchronize the
Instructed action (SI), Synchronize the Distractor action (SD), or Synchronize
the Instructed action in the Orthogonal Plane (SIOP) with the distractor
action], as was synchronization mode (synchronized MI or synchronized
execution). For Experiment 2 only, a pause was inserted (D: red dot) to
separate synchronized actions (C) from (E) later execution of the instructed
action, which was cued by the appearance of a neutral, light-gray
background.

speeds across trials. To focus their attention on the distractor
movie, participants in both experiments were asked to verbally
recall the distractor properties (action type and dominant plane
of motion) at the end of approximately 10% of trials. In both
experiments testing was distributed over two consecutive days to
reduce the possibility of physical fatigue. All blocks of trials were
preceded by a single warm-up trial and interspersed by short rest
periods.

EXPERIMENT 2
Participants
Fourteen new participants (6 male, mean age 24.1 years;
SD = 7.6 years) volunteered for the study. All had normal
(n = 11) or corrected-to-normal vision. Participants were naïve
to the study’s purpose, right-hand dominant (Edinburgh Hand-
edness Inventory: M = 74; Oldfield, 1971), and without physical
injuries. Written informed consent was obtained prior to par-
ticipation, and ethical approval had been granted by Teesside
University.

Stimuli and apparatus
The experimental setup and stimuli replicated those used in
Experiment 1.

Procedures
Familiarization. Phases 1–3 were identical to those used in Exper-
iment 1, and Phase 4 was extended. Since learning is a key
component of the PETTLEP model for mental imagery training
(Holmes and Collins, 2001), participants completed the Move-
ment Imagery Questionnaire-3 (MIQ-3; Williams et al., 2012)
prior to participating. They executed overt followed by imagined
actions and then self-reported the vividness of their experiences
on three subscales: visual internal, visual external and kinesthetic
imagery (12 actions in total; mean scores = 5.4, 5.3, and 5.1/7,
respectively). On each day of testing, an MI script based on
the PETTLEP principles was read out, instructing participants
to engage in internal, first person kinesthetic MI of the instructed
actions (one habitually fast and one habitually slow). They then
practiced the two synchronization modes (synchronized MI and
synchronized execution: 4–8 trials) for each synchronization type
(SI, SD, and SIOP see below) ahead of the related block of trials in
the main experiment.

Main experiment. The trial structure is described in Figure 6.
Participants were instructed to synchronize different actions with
the distractor action. Instructions varied across blocks of trials
as follows: (1) as in Experiment 1, participants Synchronized the
Instructed action (SI) with the distractor movie; or (2) Synchro-
nized the Distractor action (SD) with the distractor movie; or
(3) Synchronized the Instructed action with the movie, but in the
orthogonal plane (SIOP). Within each of the three conditions par-
ticipants alternated between execution modes (synchronized MI
or synchronized execution) across mini-blocks of eight trials. For
synchronized execution, participants resumed the start position
at distractor offset, wherein a red dot appeared for 2 s. This sep-
arated the distractor-synchronized action from the subsequently
executed instructed action, wherein 3-D kinematics were tracked
for 4 s.
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Data analysis. In both Experiments mean cycle times (ms) were
calculated between peak minimum kinematic positions using a
customized signal processing application created in Microsoft
Visual Studio. First, a 6 Hz low-pass, second order, bi-directional
Butterworth Filter smoothed the data. For both horizontal and
vertical actions, the first data point taken was the first peak min-
imum of the first movement cycle. This avoided analyzing hand
movements during the initial spatial positioning phase for each
action before a stable workspace was reached. Mean cycle time
was calculated across all peak minimum positions available within
a 2 s time window. Typically this involved either two or three
cycles for habitually slow actions and four or five cycles for habit-
ually fast actions. All trials with erroneous responses (incorrect or
no action) were discarded (Experiment 1: n = 10; Experiment 2:
n = 63).

The two main dependent measures used in Experiments 1 and
2 were the mean cycle time (ms) and the ratio (%) between slow
and fast distractor trials. While the absolute difference between
distractor cycle times was greater in the habitually slow actions
(667 vs. 1000 ms) compared to the habitually fast actions (333
vs. 500 ms), the ratio of slow:fast distractor speeds was the
same for each habitual speed (150%). For economy of expo-
sition in both experiments, we restricted the analysis of the
mean cycle time data to two factors of interest. We then ana-
lyzed the additional factors involved in each experiment using the
cycle time ratios. Accordingly, the mean cycle times (ms) were
analysed in both experiments using a two-factorial, repeated-
measures ANOVA with the within-subjects factors of distractor
speed (only available for this measure) and habitual speed. In
Experiments 1 and 2 the cycle time ratios (%) were subjected
to three- and four-factorial repeated-measures ANOVAs, respec-
tively. The within-subjects factors involved in Experiment 1 were
MI content, habitual speed, and compatibility (four levels). In
Experiment 2 the four factors were synchronization mode, syn-
chronization type, habitual speed, and action type compatibility
(two levels).

We then used a pair of two-factorial mixed measures ANOVAs
to compare the imitation bias that we obtained previously for pas-
sive AO (Eaves et al., 2012), to that which we obtained first for
synchronized MI and second for static MI in Experiment 1. We
then used similar analyses to compare these latter two conditions
to the synchronized MI data from Experiment 2. In a final step, we
used a series of simple main effect analyses to individually com-
pare all 12 conditions in Experiment 2 to the fully-incompatible,
and therefore most conservative, passive AO condition from our
previous study (Eaves et al., 2012).

All analyses were conducted using SPSS Statistics 21 (IBM).
Where appropriate, these were adjusted for any violation of
the homogeneity of variance assumption using the Greenhouse–
Geisser correction. Alpha levels were set to 0.05, and effect sizes
were calculated as partial eta squared values (η2

p). To reduce type
I error rates, Fisher’s least significant difference (LSD) contrasts
were used in all pairwise comparisons, since four or less condi-
tions were involved in each comparison (see Carmer and Swanson,
1973).

Reaction time data were also recorded to identify trials with
anticipatory (<200 ms; Expt. 1: n = 7; Expt. 2: n = 16) or omission

errors (>1300 ms; Expt. 1: n = 2; Expt. 2: n = 7), which were
discarded from all analyses. In total, 1.2% (Expt. 1) and 4.2%
(Expt. 2) of all trials recorded were removed from the analyses.
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Resistance exercise has been shown to be a potent stimulus for neuromuscular
adaptations. These adaptations are not confined to the exercising muscle and have
been consistently shown to produce increases in strength and neural activity in the
contralateral, homologous resting muscle; a phenomenon known as cross-education. This
observation has important clinical applications for those with unilateral dysfunction given
that cross-education increases strength and attenuates atrophy in immobilized limbs.
Previous evidence has shown that these improvements in the transfer of strength are
likely to reside in areas of the brain, some of which are common to the mirror neuron
system (MNS). Here we examine the evidence for the, as yet, untested hypothesis that
cross-education might benefit from observing our own motor action in a mirror during
unimanual resistance training, thereby activating the MNS. The hypothesis is based on
neuroanatomical evidence suggesting brain areas relating to the MNS are activated when
a unilateral motor task is performed with a mirror. This theory is timely because of the
growing body of evidence relating to the efficacy of cross-education. Hence, we consider
the clinical applications of mirror training as an adjuvant intervention to cross-education
in order to engage the MNS, which could further improve strength and reduce atrophy in
dysfunctional limbs during rehabilitation.

Keywords: mirror neuron system, rehabilitation, recovery, contralateral adaptations, strength training

BACKGROUND
A large body of evidence suggests that adaptations in elements of
the central nervous system contribute to the responses to resis-
tance training in the trained muscle (Enoka, 1988, 1997; Sale,
1988; Carroll et al., 2001; Aagaard et al., 2002). On a short time
scale, adaptive responses in the trained muscle may occur even
within one session of motor practice with correlated changes in
motor performance and brain activation detected by transcranial
magnetic brain stimulation (TMS) and imaging (Muellbacher
et al., 2000; Foltys et al., 2003; Cincotta et al., 2004; Perez and
Cohen, 2008; Sehm et al., 2010). On a longer time scale, there is
now evidence that practice of elementary movements with loads
ranging between 20 and 100% of maximum voluntary contrac-
tion at a wide range of contraction velocities cause adaptations
in the excitability of spinal reflexes, corticospinal pathways, and
cortical networks controlling the trained muscle (Carroll et al.,
2011). These adaptation have been described independent of age,
sex, and training status (Patten et al., 2001; Scaglioni et al., 2002;
Kamen and Knight, 2004; Semmler et al., 2004; Kornatz et al.,
2005; Ushiyama et al., 2010).

Curiously, neural adaptation to resistance training is not con-
fined to the muscle(s) directly involved in exercise, but becomes
expressed in a spatially specific manner in the contralateral
homologous muscle in the form of increased voluntary force
and neural activation (Hortobagyi, 2005; Carroll et al., 2006;

Farthing, 2009). Effortful unilateral motor practice does not
result in hypertrophy of the non-exercised contralateral limb
muscle in healthy individuals (Hortobagyi et al., 1996a; Farthing
et al., 2007), yet fascinatingly, the same exercise can some-
how attenuate atrophy and/or strength loss in a disused muscle
after short-term immobilization with (Magnus et al., 2013) or
without a fracture (Farthing et al., 2009, 2011; Kidgell et al.,
2011; Pearce et al., 2012). Another clinical manifestation of
this inter-limb interaction is a reduction of muscle damage in
a previously non-exercised limb caused by a single bout of
eccentric-biased resistance exercise in the contralateral homolo-
gous muscle group (Howatson and van Someren, 2007; Starbuck
and Eston, 2012). Collectively this adaptive response, commonly
referred to as “cross-education,” is the transfer of a motor ability
to the contralateral, non-practicing homologous muscle follow-
ing unilateral practice of a motor task or skill (Zhou, 2000; Lee
and Carroll, 2007). The phenomenon suggests that when intact
humans practice a unilateral motor task, the active practice on
one side of the body can enhance the same motor behavior of
the corresponding contralateral homologous muscle even though
the muscle is not actively involved in the practice. Reported
for the first time over 100 years ago in the psychomotor lit-
erature (Scripture et al., 1894), akin to the neural adaptations
involved in activating the trained muscle, cross-education has
been demonstrated under a variety of conditions along the skill
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continuum from elementary to complex motor tasks, indepen-
dent of age, sex, and muscle (Zhou, 2000; Hortobagyi, 2005;
Carroll et al., 2006; Lee and Carroll, 2007; Farthing, 2009).
Intuitively one would expect that movements with an invari-
ant time and spatial structure that normally make up resistance
training would provide insufficient stimuli and produce little or
no transfer. However, there is a broad range of evidence show-
ing that repetition of elementary motor skills, as done during
resistance training, reliably produces cross-education that is clin-
ically and functionally meaningful (Cannon and Cafarelli, 1987;
Hortobagyi et al., 1997; Munn et al., 2004; Farthing et al., 2007,
2011; Kidgell et al., 2011; Pearce et al., 2012; Magnus et al.,
2013).

Experimental evidence supporting the strength- and muscle-
sparing effects of cross-education during short-term immobi-
lization in healthy individuals with (Magnus et al., 2013) and
without (Farthing et al., 2009, 2011; Kidgell et al., 2011; Pearce
et al., 2012) a fracture has renewed interest in cross-education as a
possible adjuvant therapy in patients displaying unilateral ortho-
pedic and neurological dysfunction. These preliminary findings
are promising; however, the duration of dysfunction in many
clinical populations can often be much longer than used in pre-
vious research and cross-education may not be as efficacious
in other clinical groups. Considering that motor transfer occurs
to a normally resting limb, it is not unexpected that the mag-
nitude of cross-education was reported to be relatively small,
<10% (Munn et al., 2004; Carroll et al., 2006). However, since
these publications, evidence from other groups has emerged that
lend greater weight to the intervention; these will be discussed
in greater detail below. Because of its clinical potential, however,
the question is whether there is a mechanism that could augment
the magnitude of transfer. Given that sensory feedback during
motor practice can increase motor output, one possibility is to
activate neurons involved in the transfer that might also be acti-
vated by other means, thereby resulting in a synergistic effect on
transfer.

In recent investigations (Farthing et al., 2007, 2011;
Hortobagyi et al., 2011; Carson and Ruddy, 2012) there is
evidence that cross-education following strength training
increases brain activation in areas that overlap with areas
containing mirror neurons. Mirror neurons are neurons that
are activated both during perception and during execution of a
motor action (Rizzolatti et al., 1996; Rizzolatti and Craighero,
2004; Iacoboni, 2005). Here we examine the possibility that
the mirror neuron system (MNS) could be involved in cross-
education and hypothesize that observing the exercising limb in
a mirror would augment the magnitude of cross-education. In
support of this hypothesis, we provide an overview of the MNS
and the evidence surrounding the adaptive response to resistance
exercise in cross-education paradigms. More importantly, we
present ideas how a mirror might augment these adaptive
responses and examine the evidence from brain imaging and
stimulation studies that report how observation, imagery and
execution of elementary motor tasks modulate brain activity.
Finally we review preliminary evidence supporting the role
of cross-education in unilateral orthopedic and neurological
conditions.

OVERVIEW OF THE MIRROR NEURON SYSTEM
The MNS consists of a complex network of neurons distributed
over several cortical areas of the brain and provides a neu-
roanatomical basis for the development of motor learning and
skill acquisition, whereby a motor act can be learned and facili-
tated by observing and imitating the act (Rizzolatti et al., 1999;
Rizzolatti and Craighero, 2004; Iacoboni, 2005). The MNS is
thought to be important for the development of motor skills
and its existence was originally demonstrated in primates (di
Pellegrino et al., 1992) and later in humans (Grafton et al., 1996;
Rizzolatti et al., 1996). There is a great deal of homology between
the primate and human brain, especially in the premotor cortex
(Rizzolatti and Craighero, 2004; Small et al., 2012); consequently,
primate models provide clues to understanding how the MNS
works in primates and also in humans as detailed in compre-
hensive reviews (Rizzolatti and Craighero, 2004; Rizzolatti and
Fabbri-Destro, 2010). The MNS connects neurons responding to
visual properties of an observed task with neurons that discharge
action potentials when a similar task is executed. In brief, the
key points are that the MNS neurons are activated by percep-
tual input, self-observation of a motor act, observation of a third
party’s movement, imitation of a motor act, and by movement
execution (di Pellegrino et al., 1992; Heyes, 2010; Ray and Heyes,
2011) that are common in the arts and resistance exercise. The
MNS comprises of neuronal networks in the visual areas of the
parietal, occipital and temporal lobes (Rizzolatti and Craighero,
2004). Areas predominantly activated by motor acts are also core
to the MNS in humans (Rizzolatti and Craighero, 2004) and
include the inferior parietal gyrus, pre-central gyrus, and inferior
frontal gyrus (Rizzolatti et al., 1996; Iacoboni et al., 1999, 2001;
Ray and Heyes, 2011).

Observation and execution of motor acts both activate neu-
rons belonging to the MNS. During simple or over-learned tasks,
visual information is processed in the superior temporal sulcus
(STS) and then sent to the frontoparietal area of the MNS where
coding for that specific motor programme occurs. The motor
programme is then copied and transferred to the STS where the
visual description of the task is compared to the expected sen-
sory consequences of the imitated actions (Iacoboni et al., 1999;
Iacoboni, 2005). Prior motor experience is essential (Beudel et al.,
2011) and can engage and modulate the MNS, because dancers
and musicians, compared with naïve participants, revealed greater
mirror activation while observing someone playing an instru-
ment or dancing (Heyes, 2010). Interestingly, when novel tasks
are performed there is involvement of additional areas in motor
preparation, such as middle frontal gyrus (Rowe et al., 2000), dor-
sal premotor cortex, superior parietal gyrus and caudal frontal
gyrus (Buccino et al., 2004a). Critically, some areas that broadly
relate to pars opercularis; namely the ventral premotor cortex,
inferior frontal gyrus, inferior parietal lobule are important in
adaptive responses and have motor properties that are activated
when observing motor actions in a mirror (Molenberghs et al.,
2012). To summarize, the frontopariental and STS are involved
in the MNS, but additional areas also appear to be implicated
when the task is more novel. In the following section, we present
evidence suggesting that areas of the brain involved in the MNS
might also be associated in cross-education.
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CROSS-EDUCATION FOLLOWING RESISTANCE EXERCISE
The transfer of enhanced force-generation to the contralat-
eral homologous “resting” muscle (i.e., cross-education) appears
to be influenced by brain areas that are also common with
those involved in the MNS. The basis for cross-education
with chronic training is that motor areas in both hemispheres
become concurrently active during a unilateral muscle contrac-
tion, demonstrated by cross-sectional transcranial magnetic brain
stimulation (TMS), electroencephalography (EEG) and imaging
studies (Kristeva et al., 1979; Cramer et al., 1999; Newton et al.,
2002; Zijdewind et al., 2006; Howatson et al., 2011). Many par-
ticipants show “associated” electromyographic (EMG) activity in
the resting muscle during unilateral contractions (Zijdewind and
Kernell, 2001; Zijdewind et al., 2006; Sehm et al., 2010). As the
performance improves with unilateral resistance training, it is
thought that this practice repeatedly excites the relevant brain
areas and motor programmes for that task, and become accessi-
ble to networks that control the contralateral homologous resting
muscle (Carroll et al., 2006; Farthing et al., 2007; Lee and Carroll,
2007; Lee et al., 2009; Hortobagyi et al., 2011).

In one example, participants performed 6 weeks (21–24 ses-
sions) of maximal isometric ulnar deviations with the right arm.
Maximal strength increased by 45 and 47% for the trained and
untrained arm, respectively. The interpretation was that training
modified brain activation and communication between hemi-
spheres, whereby an improved motor plan [from training] pro-
vided the untrained brain areas with a reference for preparation
and execution for movements (Farthing et al., 2007). Evidence
supporting this interpretation comes from accompanying fMRI
data showing enlarged regions of activation in the contralat-
eral “trained” left temporal lobe, premotor and visual cortices
and “untrained” sensorimotor cortex and primary motor cor-
tex (M1) when participants contracted the homologous muscles
of the untrained limb in a magnet (Farthing et al., 2007, 2011).
Critically, although the left temporal lobe (especially the STS)
and other aforementioned structures appear to be involved in
cross-education and the MNS, there is as yet, no direct evidence
that the same networks implicated in the MNS are concurrently
activated in cross-education. In a separate TMS study, 1000 vol-
untary isometric contractions of the first dorsal interosseus (at
80% of maximum force, distributed over 20 sessions) increased
the excitability of the “untrained” (M1) and decreased inter-
hemispheric inhibition (IHI) by 31% from the trained to the
untrained M1. The reduction in IHI correlated with the 28%
cross-education (Hortobagyi et al., 2011). Presumably the ante-
rior fibers of the corpus callosum (a structure not implicated in
the MNS) mediated such interhemispheric effects between the
“trained” and “untrained” frontal motor areas—structures that
are involved in the MNS. Indeed, the corpus callosum (specifically
the transcallosal pathways) plays a role within the cortical net-
work in promoting a consolidated experience that integrates our
perceptions and preparation of our actions (Schulte and Muller-
Oehring, 2010). By inference, following training of muscle groups
on the right side, when the right sensorimotor cortex and left tem-
poral lobe are implicated in cross-education (reduced IHI) of the
muscle groups of the left side, it remains a plausible hypothesis
that the MNS is involved since the same brain areas are activated.

HOW MIGHT THE USE OF A MIRROR AUGMENT THE
CROSS-EDUCATION EFFECT?
Although the exact mechanisms underpinning cross-education
following resistance exercise are not fully understood, experi-
mental data in both primates and humans make the expecta-
tion tenable that unilateral motor practice (specifically resistance
exercise) and cross-education could be enhanced with a mir-
ror. Mirror training involves a superimposed, reflective image
of the exercising limb projected on to the non-exercising limb
and thereby giving the appearance that the “resting” side is
actually active (Matthys et al., 2009; Nojima et al., 2012; Small
et al., 2012). Mirror training can increase ipsilateral brain activity
(Garry et al., 2005; Matthys et al., 2009), reduce phantom limb
pain (Ramachandran et al., 1995; Ramachandran and Rogers-
Ramachandran, 1996) enhance recovery of motor function fol-
lowing stroke (Sutbeyaz et al., 2007; Yavuzer et al., 2008) and
improve skill acquisition of the non-practiced hand in healthy
participants (Hamzei et al., 2012; Lappchen et al., 2012; Nojima
et al., 2012). In this section we explore ideas that the overlap
between brain areas involved in cross-education and the acti-
vation of the MNS might synergistically augment the effect of
cross-education with a mirror whilst resistance training.

During a unilateral muscle contraction, there are at least two
sources of neural activation that could play a role in the strength-
and atrophy sparing effects associated with cross-education. One
is the “associated activity” that appears in the resting limb dur-
ing motor practice with the other limb. The magnitude of the
“associated activity” can reach 20% of MVC (Hortobagyi et al.,
1997; Zijdewind and Kernell, 2001; Zijdewind et al., 2006) and
there is some evidence that resistance exercise at an intensity
as low as 10% can improve muscle function (Laidlaw et al.,
1999; Duchateau et al., 2012; Kobayashi et al., 2012). Although
the source of this “associated activity” is uncertain, it is likely
to arise from the hemisphere driving the muscle contraction
(Devanne et al., 1997; Zijdewind et al., 2006); repeated and con-
current activation of the motor area controlling the transfer hand
could serve a second source for the strength- and muscle-sparing
effects seen in cross-education studies (Farthing et al., 2009, 2011;
Pearce et al., 2012). As the MNS has overlapping neuroanatomi-
cal brain structures with those activated in cross-education, the
possibility exists that observing the image of the moving limb
in a mirror increases the magnitude of brain activity controlling
the resting limb and potentially, the “associated activity” inside
the cast.

How such inadvertent brain activity can increase MVC force of
the untrained or casted hand is unclear, but one possibility is that
the repeated activation of these motor cortical areas changes the
threshold of a so far un-recruited subliminal “fringe” of cortical
neurons or that the gain of the active neurons increases (Gardiner,
2006). Both would create greater drive during the MVC after the
training programme. The use of a mirror during the training
could increase the amount of associated activity by engaging the
MNS and thus result in a larger training effect. In essence, the
use of a mirror creates an action observation effect (discussed
in greater detail in the subsequent section) and prime cortical
neurons to become more active. Because changes in the maxi-
mum slope and threshold of TMS recruitment curves after an
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intervention reflect the changes in the size of the subliminal fringe
(Devanne et al., 1997), it is possible to test whether this mecha-
nism is involved in cross-education (Hortobagyi et al., 2011) and
if mirror training amplifies the cross-education effect through
this mechanism.

Another possibility for the use of a mirror to augment the
transfer effects is an increase in cortical plasticity within and
between hemispheres that is evident following unilateral resis-
tance training (Goodwill et al., 2012), thereby further enhancing
connectivity following training. In addition, neurons responsi-
ble for motor function in the untrained hemisphere that were
excitable, but not beyond the point of threshold before training,
might be subject to an adaptive response, such that the thresh-
old is either reduced or the corticospinal excitability is increased
to the targeted motor neurons and thereby allowing the criti-
cal threshold point to be reached, which was not possible before
the training. This is conceivable because the magnitude of IHI
(Hortobagyi et al., 2011) and short interval intracortical inhi-
bition (SICI) (Hortobagyi et al., 2011; Goodwill et al., 2012)
in the untrained cortical hemisphere is attenuated with cross-
education effects produced by resistance training. These could be
the mediating mechanisms, at least in part, allowing these neu-
rons to reach that “critical” threshold level during and following
training, which is akin to theories relating to “motor overflow”
(Hoy et al., 2004). Furthermore, imaging studies suggest that
previously quiescent areas of the brain become active follow-
ing unilateral resistance training in the non-trained hemisphere
(Farthing et al., 2007). Given the apparent overlap in brain areas
of the MNS and those involved in cross-education, the magnitude
of response could be further enhanced by specifically activating
areas of the MNS by observing the actions of the active limb
in a mirror.

The exact mechanisms for these strength increases following
cross-education are yet to be elucidated; however, there is the sug-
gestion that the MNS is involved with healthy (Matthys et al.,
2009; Nojima et al., 2012) and clinical (Rosen and Lundborg,
2005; Sutbeyaz et al., 2007) populations. Like unilateral resis-
tance training, it seems that mirror training of the right limb (i.e.,
seeing the mirror image of the exercising right limb) increases
the size of the activated brain regions in the ipsilateral (right)
M1 (Garry et al., 2005; Nojima et al., 2012), but without caus-
ing changes in IHI from the contralateral (left) to the ipsilateral
(right) M1 or SICI in the ipsilateral M1 (Nojima et al., 2012).
Furthermore, Lappchen et al. (2012) showed increased SICI in
the contralateral (left) M1 following right handed skill training
with the use of a mirror, which was accompanied by decreased
SICI in the ipsilateral (right) M1. This apparent discrepancy in
SICI may be due to differences in training duration; Nojima et al.
(2012) used a single day as opposed to Lappchen et al. (2012)
who conducted 4 days of training, suggesting SICI has a role in
the effects of cross-education of skilled motor acts augmented
with mirror training. In addition to the ipsilateral (right) M1
(Shinoura et al., 2008; Carson and Ruddy, 2012; Nojima et al.,
2012), the right SMA, occipital lobe and cerebellum (Shinoura
et al., 2008), and contralateral (left) STS, superior occipital gyrus
(Matthys et al., 2009) and M1 (Garry et al., 2005; Shinoura et al.,
2008; Tominaga et al., 2011) are involved in mirror training with

the right upper extremity. Brain areas that became increasingly
active after a short period of mirror training of the right hand
were the contralateral (left) inferior parietal lobe and ventral
premotor cortex and the ipsilateral (right) dorsal premotor cor-
tex (Hamzei et al., 2012). Enlarged activation areas of the STS,
occipital cortex, inferior parietal lobe, premotor areas and the
M1 provide links between the MNS, mirror training and perfor-
mance improvement. It is intuitively appealing to presuppose that
combining cross-education with mirror training would stimu-
late synaptic interactions and thereby strengthen the connections
within multiple cortical regions that are known to be involved in
the MNS and cross-education, and hence leading to greater levels
of cross-education.

The information presented here suggests that adaptations
transferred from the practiced “contralateral” brain regions to
untrained “ipsilateral” brain regions, activate different networks
dependent upon whether they are performed with or without a
mirror (Lappchen et al., 2012). Whilst cutaneous and proprio-
ceptive inputs are important and can influence the magnitude
of intracortical and interhemipsheric inhibition (Swayne et al.,
2006), visual information in the form of a mirror could con-
ceivably facilitate the transfer of strength in a cross-education
resistance training model. We suspect from neuroanatomical,
electrophysiological, imaging and EEG data that mirror train-
ing may be a useful tool to augment the effects of cross-
education of strength; however, there are currently no experi-
mental studies that have specifically tested this hypothesis. In
the following section we explore the evidence for brain activa-
tion during action observation, imagery and the execution of
the task.

BRAIN ACTIVATION DURING MOVEMENT OBSERVATION,
IMAGERY AND TASK EXECUTION
Mirror and imagery training create their effects based on illusion-
ary actions of the resting limb. The inter-limb effects produced
by cross-education supplemented with a mirror or done through
imagery (Yue and Cole, 1992) would rely on mechanisms also
involved in action observation. Many of the areas suggested to
have mirror properties, also become active during motor imagery
(Grezes and Decety, 2001; Jeannerod, 2001). Jeannerod (2001)
described in his “simulation theory” that motor actions have a
covert state and both movement observation and motor imagery
are covert motor actions. In other words, movement observa-
tion and motor imagery are motor actions that have not been
executed but that use the same neuronal substrates as the actual
performance. Hence, as mentioned briefly in the previous section,
movement observation and motor imagery result in sublimi-
nal facilitation of neurons that belong to the motor network
or, alternatively, the activation of the motor network is actively
inhibited before the movement is executed (Jeannerod, 2001;
Guillot et al., 2008). Several studies, summarized in reviews, have
reported an overlap of brain activation during movement obser-
vation and execution (Grezes and Decety, 2001; Jeannerod, 2001;
Caspers et al., 2010; Molenberghs et al., 2012) and between motor
imagery and execution (Decety, 1996; Grezes and Decety, 2001;
Jeannerod, 2001; Munzert et al., 2009). Meta-analyses (Munzert
et al., 2009; Caspers et al., 2010; Molenberghs et al., 2012) showed
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that besides cortical areas that “traditionally” belong to the MNS
(ventral premotor area and inferior parietal cortex) action obser-
vation and execution involved a bilateral network that comprised
premotor, primary somatosensory, inferior parietal, intraparietal
and temporo-occipital areas.

The primary motor cortex also shows activity during both
motor imagery (Pfurtscheller and Neuper, 1997; Porro et al.,
2000; Boeker et al., 2002; Lotze and Halsband, 2006) and motor
observation (Molenberghs et al., 2012), albeit less pronounced
and its activation is not due to typical mirror neuron activity. The
involvement of the corticospinal tract in motor imagery (Kiers
et al., 1997; Fadiga et al., 1999; Rossini et al., 1999; Facchini
et al., 2002; Fourkas et al., 2006; Roosink and Zijdewind, 2010;
Lebon et al., 2012) and movement observation (Fadiga et al.,
1995; Rossini et al., 1999; Brighina et al., 2000; Patuzzo et al.,
2003; Clark et al., 2004; Roosink and Zijdewind, 2010) has been
confirmed with TMS. In single-pulse TMS paradigms, neurons in
the motor cortex are activated and modulations in the excitabil-
ity of the corticospinal tract affects the amplitude of the motor
evoked potential (MEP). Many experiments have demonstrated
that during movement observation and motor imagery the MEP
amplitude is modulated in an effector and task specific manner
(Fadiga et al., 1995; Rossini et al., 1999; Facchini et al., 2002;
Stinear and Byblow, 2003; Roosink and Zijdewind, 2010; Lebon
et al., 2012). Therefore, there is indirect evidence suggesting that
the use of a mirror in cross-education interventions could aug-
ment the inter-limb transfer through a higher activation of M1
and the corticospinal tract during contraction of the untrained
muscles after training.

Although movement observation and imagery activate simi-
lar brain areas, the magnitude of activation during observation
and imagery is not similar; TMS studies showed differences
in the contribution and timing of the corticospinal tract to
the effects produced by observation and imagery. Comparisons
between TMS evoked responses during movement observa-
tion and imagery showed increased activation (Cattaneo and
Rizzolatti, 2009; Roosink and Zijdewind, 2010), no difference
(Patuzzo et al., 2003; Clark et al., 2004; Leonard and Tremblay,
2007), or decreased activation (Fuerra et al., 2011) during move-
ment observation. Part of these differences could be explained
by the use of different tasks; task-specific activation, for instance,
increases with task complexity. During execution of a complex
motor task, stronger activation foci are seen in the contralat-
eral sensorimotor cortex (Catalan et al., 1998; Kuhtz-Buschbeck
et al., 2003), bilateral posterior SMA (Catalan et al., 1998),
dorsal premotor area and ipsilateral cerebellum (Catalan et al.,
1998; Kuhtz-Buschbeck et al., 2003). Furthermore, single pulse
and repetitive TMS studies underline the larger contribution of
both the contralateral (Abbruzzese et al., 1996; Gerloff et al.,
1998; Roosink and Zijdewind, 2010) and ipsilateral motor cor-
tex (Tinazzi and Zanette, 1998) during complex motor tasks.
These data suggest that mirror-aided cross-education studies
using complex motor tasks would most likely produce greater
inter-limb effects; a hypothesis we are currently exploring using
a model that incorporates high intensity resistance training cou-
pled with simple and complex visuomotor skills (i.e., with and
without a mirror).

In addition to task complexity, the intensity of muscle contrac-
tion also modulates brain activation of the motor areas (Dettmers
et al., 1995; van Duinen et al., 2008) and its excitability (Hess
et al., 1986; Tinazzi and Zanette, 1998). During observation
of tasks that require increased force levels, MEPs produced by
TMS increase with the increasing levels of force (Alaerts et al.,
2010a,b). The quality of and being an expert in imagery deter-
mines which brain areas become active (Guillot et al., 2008) and
the intensity of the (subliminal) corticospinal activity (Lebon
et al., 2012). Those with high imagery ability showed increased
activation of parietal and ventrolateral premotor gebieden; low
imagery performers cerebellum, orbito-frontal and posterior cin-
gulated cortices. TMS data also suggests that good, compared
with poor imagers, had greater facilitation of the target muscles
(Lebon et al., 2012; Williams et al., 2012). Furthermore, skill-
ful vs. less able imagers showed a stronger temporal and spatial
modulation of the corticospinal excitability (Lebon et al., 2012).
In other words, poor imagers demonstrated a general increase in
corticospinal activity that was less focused with respect to timing
and the specificity of muscle(s) activation. Furthermore, instruc-
tions to the participant are critical; action observation in a passive
manner compared to action observation with the intent to imi-
tate, result in similar but weaker fMRI activation (Decety et al.,
1997; Grezes et al., 1999; Buccino et al., 2004b; Frey and Gerry,
2006). This observation is also underlined by TMS experiments
that showed that the MEP facilitation was larger in the observa-
tion to-imitate condition (Roosink and Zijdewind, 2010). Finally,
the position of the effector during imagery also affects corti-
cospinal excitability (Vargas et al., 2004; Fourkas et al., 2006).
These TMS studies showed a larger facilitation of MEPs when
the position of the effector was congruent with the “to-imagine”
movement.

Overall these data suggest the action observation elements of
mirror-aided cross-education have exciting clinical potential, as
long as the intervention conditions are optimized for the pop-
ulation and the individual. Observing one’s own movements
in a mirror during cross-education therapy is expected to be
especially effective if the motor task is challenging, the spatial ori-
entation of the practicing and non-practicing limbs are similar,
patients are highly motivated and engaged in the action observa-
tion task, and if the act of observation is combined with imagery
of the target hand moving (Stefan et al., 2008). In line with these
arguments, the subsequent section presents data for the clinical
efficacy of cross-education and how this effectiveness could be
further increased by the use of a mirror.

CLINICAL APPLICATIONS OF CROSS-EDUCATION AND
FACILITATION WITH MIRROR-TRAINING
A peculiar phenomenon associated with cross-education is
that unilateral motor practice does not produce morphologi-
cal changes in muscles of the non-exercised contralateral limb
(Hortobagyi et al., 1996b), yet the same exercise can somehow
attenuate skeletal muscle atrophy and/or strength loss in the
immobilized limb with (Magnus et al., 2013) or without (Farthing
et al., 2009, 2011; Kidgell et al., 2011; Pearce et al., 2012) a frac-
ture. These observations suggest that atrophied and/or injured
compared with healthy muscles are more sensitive to neural
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activation. This section explores firstly, the evidence and appli-
cation of cross-education in clinical populations and secondly,
proposes that the use of mirror therapy might further augment
the benefits of strength transfer and attenuate atrophy.

The cross-education effect has long been identified as a poten-
tial therapeutic strategy during rehabilitation from unilateral
injury or neurological dysfunction. Yet until the recent work on
the efficacy of cross-education after wrist fractures (Magnus et al.,
2013), ACL surgery (Papandreou et al., 2013) and in post-stroke
recovery (Dragert and Zehr, 2013) there was little evidence in
patient populations to substantiate this claim. An early attempt
by Stromberg (1986, 1988) to apply cross-education during post-
operative therapy after various hand and wrist surgeries was not
well-controlled and limited by no reporting of pre-surgery sta-
tus for either limb. Thus, the study received little attention, with
misleading reporting of better post-surgery outcomes for the
cross-education group. The idea received little further attention
until promising evidence emerged from immobilization studies
in healthy intact participants, where cross-education was shown
to have a strength and muscle sparing effect for the opposite
the immobilized arm (Farthing et al., 2009, 2011; Pearce et al.,
2012). Unilateral motor practice is not known to produce mor-
phological changes in muscles of the non-exercised contralateral
limb, yet strangely, the same exercise can attenuate atrophy in the
immobilized limb (Farthing et al., 2009, 2011; Kidgell et al., 2011;
Pearce et al., 2012). These observations suggest that atrophied
compared with healthy muscles are more sensitive to the effects
of neural activation, and the threshold of activity needed to pre-
vent short-term atrophy is much less than is needed to stimulate
hypertrophy.

Although the precise mechanisms of the sparing effects remain
unclear, Farthing et al. (2011) reported after training of the
right limb there was increased activity in contralateral (right)
motor cortex and ipsilateral (left) premotor and visual cortices
during contractions of the previously immobilized (left) limb;
areas that are also associated with the MNS. Pearce et al. (2012)
reported unaltered corticospinal excitability and strength main-
tenance for the immobilized arm of participants who trained the
non-immobilized limb, whereas MEP amplitude at various inten-
sities was decreased by ∼20% for non-training participants. The
data from immobilization models of injury in healthy partici-
pants revitalized interest in cross-education as a viable, untested
clinical intervention, but lack of patient data remained a key
limitation.

Building on the arm immobilization models, there is new evi-
dence that cross-education can benefit the recovery of strength
and mobility following wrist fractures. Magnus et al. (2013)
implemented unilateral strength training of the non-fractured
limb (3 times per week, progressing to 40 maximal efforts per
session) within 1-week post-fracture, in addition to standard
rehabilitation, in women over the age of 50 who suffered a dis-
tal radius fracture. The outcomes for the fractured limb were
compared to patients receiving standard rehabilitation alone. The
training group had significantly greater fractured limb handgrip
strength (∼47%) and active range of motion (∼25%) at 12 weeks
post fracture compared to the control group. Unfortunately, the
study was inconclusive for patient’s self-rated function scores and

there were no measures of muscle or brain activation, or cor-
tical or spinal excitability. However, given there is evidence of
increased EMG activity in the non-exercising limb during cross-
education studies (Hortobagyi et al., 1997; Zijdewind and Kernell,
2001; Zijdewind et al., 2006), one possibility is that the level
of “associated activity” is even greater in the muscle inside the
sling or cast during unilateral motor practice than the customary
cross-education studies. Notwithstanding, the study is the first to
demonstrate the benefit of cross-education in an orthopedic clin-
ical setting involving immobilization. Although the study targets
a specific population at higher risk for wrist fractures, the results
support the notion that cross-education is probably useful in a
broad range of orthopedic injuries that involve unilateral immo-
bilization after a fracture (Farthing et al., 2009, 2011; Kidgell et al.,
2011; Pearce et al., 2012).

In addition to the data from wrist fractures, Papandreou et al.
(2013) tested cross-education as an adjunct therapy in addition to
bilateral strength training to combat quadriceps strength deficit
after recovery from anterior cruciate ligament (ACL) reconstruc-
tive surgery, in young male soldiers (age 20–25 years) with a
recent ACL injury (40 days to 6 months prior). The interven-
tion was eccentric training of the uninjured leg, either 3 or 5
days per week for 8 weeks, using 5 sets of 6 contractions at 80%
of 1 RM, completed in addition to a traditional ACL rehabilita-
tion program for both legs (including strength, ROM, balance,
and endurance training). Outcomes for the injured leg were com-
pared to a control group who participated in the traditional ACL
rehabilitation program only. Although there were no differences
between the groups for changes in absolute strength, the cross-
education intervention of either 3 or 5 days per week was effective
for decreasing the between-leg quadriceps deficit (by ∼12% and
17%, respectively) compared to the control group (24%). The
studies by Papandreou et al. (2013) and Magnus et al. (2013) sup-
port the notion that cross-education is a useful adjunct therapy
for a broad range of unilateral orthopedic injury.

Unilateral strength training of the less-affected limb can facil-
itate bilateral neural plasticity in chronic stroke patients. Dragert
and Zehr (2013) demonstrated that intense training of the less-
affected dorsiflexor muscles resulted in significant strength gains
of 34% for the less-affected limb and 31% for the more-affected
untrained limb. The improvements in strength were accompa-
nied by significant gains in dorsiflexor muscle activation, altered
reciprocal inhibition, and improved gait speed in a functional
walking test. Perhaps most importantly, prior to the intervention
four participants were unable to generate functional dorsiflexion
in the more-affected limb, but were able to after training of the
less-affected limb. This study marks the first evidence that cross-
education is a viable strategy to improve bilateral function in a
chronic stroke group, particularly when the more-affected limb is
initially too weak to train.

Taken together, the wrist fracture, knee surgery, and post-
stroke cross-education studies mark important translational
advances in the field. As proof-of-principle works, the inter-
ventions involved basic isometric strength training or eccentric
training of one target muscle group without the use of addi-
tional therapeutic strategies such as a mirror. The hypothesis
that mirror-facilitated cross-education of strength training would
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enhance the therapeutic benefit is tenable for both the orthope-
dic injury and stroke rehabilitation environment. Mirror training
has been shown to increase ipsilateral brain activity (Garry et al.,
2005; Matthys et al., 2009) enhance skill performance in the rest-
ing, non-practiced hand of healthy participants (Hamzei et al.,
2012; Lappchen et al., 2012; Nojima et al., 2012), accelerate motor
recovery in stroke (Sutbeyaz et al., 2007; Yavuzer et al., 2008),
and reduce phantom limb pain (Fadiga et al., 1999; Fourkas
et al., 2006). The concept of mirror-assisted cross-education oper-
ates on the premise of the illusion that there is more movement
in affected or injured limb (by viewing the mirror image of
the less-affected or uninjured limb executing intense dynamic
strength exercise), and this would further engage common brain
areas involved in the MNS (Rosen and Lundborg, 2005; Sutbeyaz
et al., 2007; Matthys et al., 2009; Nojima et al., 2012) and fur-
ther stimulate neural plasticity to augment functional recovery.
Unilateral strength (Dragert and Zehr, 2013) and skill training
(Ausenda and Carnovali, 2011) of the less-affected limb, and
mirror training (Yavuzer et al., 2008; Michielsen et al., 2011)
have been shown, independently, to induce bilateral neural plas-
ticity in post stroke rehabilitation. Merging the consequentially
enhanced activation of the “ipsilateral” M1 (Garry et al., 2005;
Nojima et al., 2012) by mirror training and the known reduc-
tions in IHI with chronic unilateral strength training (Hortobagyi
et al., 2011) remains a logical next step; albeit firstly in intact
participants.

For orthopedic injuries the hypothesis is viable with emerging
evidence for the sparing effects in an immobilized fractured limb
(Magnus et al., 2013), but there is only sparse clinical case study
support for the use of mirror training to re-establish function
after cast removal post wrist fracture (Altschuler and Hu, 2008)
or after hand surgery (Rosen and Lundborg, 2005). The imple-
mentation of mirror training in either context would predictably
alter the level of “associated activity” of the opposite affected
limb. The associated activity of the fractured limb beneath the
cast, during strength training of the non-fractured limb was not
examined in the clinical study by Magnus et al. (2013), but the
co-activation of more-affected dorsiflexors during training of the
less-affected dorsiflexors in stroke patients was reported as 22%
post-intervention (Dragert and Zehr, 2013). The associated activ-
ity in the resting limb of healthy participants can be as high
as 20% of MVC (Hortobagyi et al., 1997, 2011; Zijdewind and
Kernell, 2001; Zijdewind et al., 2006), but is commonly around
10% MVC, is position dependent (Post et al., 2009) and dimin-
ishes with chronic unilateral training (Hortobagyi et al., 2011).
Muscle over-activity and co-activation has been documented
post-stroke (Gracies, 2005), which might explain higher levels

of post-intervention associated activity reported by Dragert and
Zehr (2013). The origin of the associated activity and the clinical
relevance of enhancing or reducing this activity during rehabili-
tation of an injured limb, or a neurologically impaired limb post-
stroke are unclear. The hypothesis of augmented cross-education
effects by use of a mirror is an exciting premise for future inter-
vention studies in both healthy, and more importantly, clinical
populations.

Although the idea surrounding the use of mirror training
to engage the MNS and augment cross-education is appealing;
the possibility equally exists that the mirror training might not
work in further facilitating the response, especially in a patient
population. As previously mentioned, patient need a sufficiently
challenging task, similar orientation of the practicing and non-
practicing limb, be highly motivated and engaged in the observa-
tion task, and perhaps combined with imagery of the target hand
moving (Stefan et al., 2008). It could be that patient groups are
unable to fulfill these requirements because of underlying pain,
discomfort, motivation and limb orientation, and hence might
compromise the patient’s ability to effectively engage in such an
action observation task. In addition, it is conceivable that the
CNS might prioritize instead of augment activation when using a
mirror or that the injury or dysfunction affects sensory pathways
involved in mediating the engagement of the MNS.

GENERAL SUMMARY
In summary, resistance exercise is a potent stimulus for adap-
tations in the neuromuscular system. These adaptations are not
confined to the exercising muscle and can produce clinically
meaningful increases in strength and neural activity in the con-
tralateral, homologous resting muscle. Evidence has shown that
these improvements in the transfer of strength are likely to reside
in the central nervous system in areas of the brain that are com-
mon to the MNS. Given the clinical relevance and importance of
this application, we provide a neuroanatomical basis for the, as
yet, untested hypothesis that cross-education could be enhanced
by augmented sensory feedback using a mirror superimposing
the reflected image of the exercising muscle to the non-exercising
side and thereby giving the appearance the “resting” side being
active. Enhanced cross-education by engaging the MNS with the
use of a mirror could improve neuromuscular functionality and
the clinical prognosis of many pathologies and is an area wor-
thy of further scientific enquiry. This has the scope to, not only
improve strength and reduce atrophy in immobilized limbs dur-
ing rehabilitation, but also to improve execution of everyday
tasks like buttoning shirts, threading needles in other challenged
populations.

REFERENCES
Aagaard, P., Simonsen, E. B., Andersen,

J. L., Magnusson, P., and Dyhre-
Poulsen, P. (2002). Neural
adaptation to resistance train-
ing: changes in evoked V-wave
and H-reflex responses. J. Appl.
Physiol. 92, 2309–2318.

Abbruzzese, G., Trompetto, C.,
and Schieppati, M. (1996). The

excitability of the human motor
cortex increases during execu-
tion and mental imagination of
sequential but not repetitive finger
movements. Exp. Brain Res. 111,
465–472. doi: 10.1007/BF00228736

Alaerts, K., Senot, P., Swinnen, S.
P., Craighero, L., Wenderoth, N.,
and Fadiga, L. (2010a). Force
requirements of observed object

lifting are encoded by the observer’s
motor system: a TMS study.
Eur. J. Neurosci. 31, 1144–1153.
doi: 10.1111/j.1460-9568.2010.
07124.x

Alaerts, K., Swinnen, S. P., and
Wenderoth, N. (2010b). Observing
how others lift light or heavy
objects: which visual cues mediate
the encoding of muscular force

in the primary motor cortex?
Neuropsychologia 48, 2082–2090.
doi: 10.1016/j.neuropsychologia.
2010.03.029

Altschuler, E. L., and Hu, J. (2008).
Mirror therapy in a patient with a
fractured wrist and no active wrist
extension. Scand. J. Plast. Reconstr.
Surg. Hand Surg. 42, 110–111. doi:
10.1080/02844310701510355

Frontiers in Human Neuroscience www.frontiersin.org July 2013 | Volume 7 | Article 396 | 204

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Howatson et al. Mirror training and cross-education

Ausenda, C., and Carnovali, M. (2011).
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. 47,
417–425.

Beudel, M., Zijlstra, S., Mulder, T.,
Zijdewind, I., and de Jong, B. M.
(2011). Secondary sensory area
SII is crucially involved in the
preparation of familiar movements
compared to movements never
made before. Hum. Brain Mapp. 32,
564–579. doi: 10.1002/hbm.21044

Boeker, K. H., Haberkorn, C. I.,
Michels, D., Flemming, P., Manns,
M. P., and Lichtinghagen, R.
(2002). Diagnostic potential of
circulating TIMP-1 and MMP-2
as markers of liver fibrosis in
patients with chronic hepatitis C.
Clin. Chim. Acta 316, 71–81. doi:
10.1016/S0009-8981(01)00730-6

Brighina, F., La Bua, V., Oliveri, M.,
Piazza, A., and Fierro, B. (2000).
Magnetic stimulation study dur-
ing observation of motor tasks.
J. Neurol. Sci. 174, 122–126. doi:
10.1016/S0022-510X(00)00271-9

Buccino, G., Binkofski, F., and Riggio,
L. (2004a). The mirror neuron
system and action recognition.
Brain Lang. 89, 370–376. doi:
10.1016/S0093-934X(03)00356-0

Buccino, G., Vogt, S., Ritzl, A., Fink,
G. R., Zilles, K., Freund, H. J., et al.
(2004b). Neural circuits underlying
imitation learning of hand actions:
an event-related fMRI study. Neuron
42, 323–334. doi: 10.1016/S0896-
6273(04)00181-3

Cannon, R. J., and Cafarelli, E. (1987).
Neuromuscular adaptations to
training. J. Appl. Physiol. 63,
2396–2402.

Carroll, T. J., Herbert, R. D., Munn, J.,
Lee, M., and Gandevia, S. C. (2006).
Contralateral effects of unilateral
strength training: evidence and pos-
sible mechanisms. J. Appl. Physiol.
101, 1514–1522. doi: 10.1152/jap-
plphysiol.00531.2006

Carroll, T. J., Riek, S., and Carson, R.
G. (2001). Neural adaptations to
resistance training: implications for
movement control. Sports Med. 31,
829–840. doi: 10.2165/00007256-
200131120-00001

Carroll, T. J., Selvanayagam, V.
S., Riek, S., and Semmler, J.
G. (2011). Neural adaptations
to strength training: moving
beyond transcranial magnetic
stimulation and reflex studies.
Acta Physiol. 202, 119–140. doi:
10.1111/j.1748-1716.2011.02271.x

Carson, R. G., and Ruddy, K. L. (2012).
Vision modulates corticospinal

suppression in a functionally
specific manner during move-
ment of the opposite limb.
J. Neurosci. 32, 646–652. doi:
10.1523/JNEUROSCI.4435-11.2012

Caspers, S., Zilles, K., Laird, A. R.,
and Eickhoff, S. B. (2010). ALE
meta-analysis of action observa-
tion and imitation in the human
brain. Neuroimage 50, 1148–1167.
doi: 10.1016/j.neuroimage.2009.
12.112

Catalan, M. J., Honda, M., Weeks,
R. A., Cohen, L. G., and Hallett,
M. (1998). The functional neu-
roanatomy of simple and com-
plex sequential finger movements: a
PET study. Brain 121, 253–264. doi:
10.1093/brain/121.2.253

Cattaneo, L., and Rizzolatti, G.
(2009). The mirror neuron system.
Arch. Neurol. 66, 557–560. doi:
10.1001/archneurol.2009.41

Cincotta, M., Borgheresi, A.,
Balestrieri, F., Giovannelli, F.,
Rossi, S., Ragazzoni, A., et al.
(2004). Involvement of the
human dorsal premotor cortex
in unimanual motor control:
an interference approach using
transcranial magnetic stim-
ulation. Neurosci. Lett. 367,
189–193. doi: 10.1016/j.neulet.2004.
06.003

Clark, S., Tremblay, F., and Ste-
Marie, D. (2004). Differential
modulation of corticospinal
excitability during observation,
mental imagery and imitation of
hand actions. Neuropsychologia 42,
105–112. doi: 10.1016/S0028-3932
(03)00144-1

Cramer, S. C., Finklestein, S. P.,
Schaechter, J. D., Bush, G., and
Rosen, B. R. (1999). Activation
of distinct motor cortex regions
during ipsilateral and contralateral
finger movements. J. Neurophysiol.
81, 383–387.

Decety, J. (1996). Neural repre-
sentations for action. Rev.
Neurosci. 7, 285–297. doi:
10.1515/REVNEURO.1996.7.4.285

Decety, J., Grezes, J., Costes, N., Perani,
D., Jeannerod, M., Procyk, E.,
et al. (1997). Brain activity during
observation of actions. Influence
of action content and subject’s
strategy. Brain 120, 1763–1777. doi:
10.1093/brain/120.10.1763

Dettmers, C., Fink, G. R., Lemon, R.
N., Stephan, K. M., Passingham, R.
E., Silbersweig, D., et al. (1995).
Relation between cerebral activity
and force in the motor areas of the
human brain. J. Neurophysiol. 74,
802–815.

Devanne, H., Lavoie, B. A., and
Capaday, C. (1997). Input-output

properties and gain changes in
the human corticospinal pathway.
Exp. Brain Res. 114, 329–338. doi:
10.1007/PL00005641

di Pellegrino, G., Fadiga, L., Fogassi,
L., Gallese, V., and Rizzolatti, G.
(1992). Understanding motor
events: a neurophysiological study.
Exp. Brain Res. 91, 176–180. doi:
10.1007/BF00230027

Dragert, K., and Zehr, E. P. (2013).
High-intensity unilateral dorsiflexor
resistance training results in bilat-
eral neuromuscular plasticity after
stroke. Exp. Brain Res. 225, 93–104.
doi: 10.1007/s00221-012-3351-x

Duchateau, J., Hortobágyi, T., and
Enoka, R. M. (2012). “Acute
and long term neural adap-
tations to training,” in Motor
Control and Learning, eds A.
Gollhofer, W. Taube and J. B.
Nielsen (London: Routledge),
319–350.

Enoka, R. M. (1988). Muscle strength
and its development. New per-
spectives. Sports Med. 6, 146–168.
doi: 10.2165/00007256-198806030-
00003

Enoka, R. M. (1997). Neural adapta-
tions with chronic physical activ-
ity. J. Biomech. 30, 447–455. doi:
10.1016/S0021-9290(96)00170-4

Facchini, S., Muellbacher, W., Battaglia,
F., Boroojerdi, B., and Hallett,
M. (2002). Focal enhancement of
motor cortex excitability during
motor imagery: a transcranial
magnetic stimulation study. Acta
Neurol. Scand. 105, 146–151. doi:
10.1034/j.1600-0404.2002.1o004.x

Fadiga, L., Buccino, G., Craighero,
L., Fogassi, L., Gallese, V., and
Pavesi, G. (1999). Corticospinal
excitability is specifically modu-
lated by motor imagery: a magnetic
stimulation study. Neuropsychologia
37, 147–158. doi: 10.1016/S0028-
3932(98)00089-X

Fadiga, L., Fogassi, L., Pavesi,
G., and Rizzolatti, G. (1995).
Motor facilitation during action
observation: a magnetic stimu-
lation study. J. Neurophysiol. 73,
2608–2611.

Farthing, J. P. (2009). Cross-education
of strength depends on limb dom-
inance: implications for theory and
application. Exerc. Sport Sci. Rev. 37,
179–187.

Farthing, J. P., Borowsky, R., Chilibeck,
P. D., Binsted, G., and Sarty, G.
E. (2007). Neuro-physiological
adaptations associated with
cross-education of strength.
Brain Topogr. 20, 77–88. doi:
10.1007/s10548-007-0033-2

Farthing, J. P., Krentz, J. R., and
Magnus, C. R. (2009). Strength

training the free limb attenuates
strength loss during unilat-
eral immobilization. J. Appl.
Physiol. 106, 830–836. doi:
10.1152/japplphysiol.91331.2008

Farthing, J. P., Krentz, J. R., Magnus,
C. R., Barss, T. S., Lanovaz, J.
L., Cummine, J., et al. (2011).
Changes in functional magnetic
resonance imaging cortical acti-
vation with cross education to
an immobilized limb. Med. Sci.
Sports Exerc. 43, 1394–1405. doi:
10.1249/MSS.0b013e318210783c

Foltys, H., Meister, I. G., Weidemann,
J., Sparing, R., Thron, A., Willmes,
K., et al. (2003). Power grip disin-
hibits the ipsilateral sensorimotor
cortex: a TMS and fMRI study.
Neuroimage 19, 332–340. doi:
10.1016/S1053-8119(03)00107-1

Fourkas, A. D., Ionta, S., and Aglioti,
S. M. (2006). Influence of imagined
posture and imagery modality on
corticospinal excitability. Behav.
Brain Res. 168, 190–196. doi:
10.1016/j.bbr.2005.10.015

Frey, S. H., and Gerry, V. E. (2006).
Modulation of neural activity
during observational learning
of actions and their sequen-
tial orders. J. Neurosci. 26,
13194–13201. doi: 10.1523/
JNEUROSCI.3914-06.2006

Fuerra, M., Bianco, G., Polizotto, N.
R., Innocenti, I., Rossi, A., and
Rossi, S. (2011). Cortico-cortical
connectivity between right parietal
and bilateral primary motor cor-
tices during imagined and observed
actions: a combined TMS/tDCS
study. Front. Neural Circuits 5:10.
doi: 10.3389/fncir.2011.00010

Gardiner, P. F. (2006). Changes in
alpha-motoneuron properties with
altered physical activity levels.
Exerc. Sport Sci. Rev. 34, 54–58.
doi: 10.1249/00003677-200604000-
00003

Garry, M. I., Loftus, A., and Summers,
J. J. (2005). Mirror, mirror on
the wall: viewing a mirror
reflection of unilateral hand
movements facilitates ipsilat-
eral M1 excitability. Exp. Brain
Res. 163, 118–122. doi: 10.1007/
s00221-005-2226-9

Gerloff, C., Corwell, B., Chen, R.,
Hallett, M., and Cohen, L. G.
(1998). The role of the human
motor cortex in the control of com-
plex and simple finger movement
sequences. Brain 121, 1695–1709.
doi: 10.1093/brain/121.9.1695

Goodwill, A. M., Pearce, A. J., and
Kidgell, D. J. (2012). Corticomotor
plasticity following unilateral
strength training. Muscle Nerve 46,
384–393. doi: 10.1002/mus.23316

Frontiers in Human Neuroscience www.frontiersin.org July 2013 | Volume 7 | Article 396 | 205

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Howatson et al. Mirror training and cross-education

Gracies, J. M. (2005). Pathophysiology
of spastic paresis. II: emer-
gence of muscle overactivity.
Muscle Nerve 31, 552–571. doi:
10.1002/mus.20285

Grafton, S. T., Arbib, M. A., Fadiga,
L., and Rizzolatti, G. (1996).
Localization of grasp rep-
resentations in humans by
positron emission tomography.
2. Observation compared with
imagination. Exp. Brain Res. 112,
103–111. doi: 10.1007/BF00227183

Grezes, J., Costes, N., and Decety,
J. (1999). The effects of learn-
ing and intention on the neural
network involved in the per-
ception of meaningless actions.
Brain 122, 1875–1887. doi:
10.1093/brain/122.10.1875

Grezes, J., and Decety, J. (2001).
Functional anatomy of execution,
mental simulation, observation, and
verb generation of actions: a meta-
analysis. Hum. Brain Mapp. 12,
1–19.

Guillot, A., Collet, C., Nguyen, V.
A., Malouin, F., Richards, C., and
Doyon, J. (2008). Functional neu-
roanatomical networks associated
with expertise in motor imagery.
Neuroimage 41, 1471–1483. doi:
10.1016/j.neuroimage.2008.03.042

Hamzei, F., Lappchen, C. H., Glauche,
V., Mader, I., Rijntjes, M., and
Weiller, C. (2012). Functional
plasticity induced by mirror
training: the mirror as the ele-
ment connecting both hands to
one hemisphere. Neurorehabil.
Neural Repair 26, 484–496. doi:
10.1177/1545968311427917

Hess, C. W., Mills, K. R., and Murray,
N. M. (1986). Magnetic stimula-
tion of the human brain: facilita-
tion of motor responses by volun-
tary contraction of ipsilateral and
contralateral muscles with addi-
tional observations on an amputee.
Neurosci. Lett. 71, 235–240. doi:
10.1016/0304-3940(86)90565-3

Heyes, C. (2010). Where do mir-
ror neurons come from? Neurosci.
Biobehav. Rev. 34, 575–583. doi:
10.1016/j.neubiorev.2009.11.007

Hortobagyi, T. (2005). Cross edu-
cation and the human central
nervous system. IEEE Eng.
Med. Biol. Mag. 24, 22–28. doi:
10.1109/MEMB.2005.1384096

Hortobagyi, T., Barrier, J., Beard,
D., Braspennincx, J., Koens, P.,
Devita, P., et al. (1996a). Greater
initial adaptations to submaximal
muscle lengthening than maximal
shortening. J. Appl. Physiol. 81,
1677–1682.

Hortobagyi, T., Hill, J. P., Houmard,
J. A., Fraser, D. D., Lambert, N. J.,

and Israel, R. G. (1996b). Adaptive
responses to muscle lengthening
and shortening in humans. J. Appl.
Physiol. 80, 765–772.

Hortobagyi, T., Lambert, N. J., and Hill,
J. P. (1997). Greater cross educa-
tion following training with mus-
cle lengthening than shortening.
Med. Sci. Sports Exerc. 29, 107–112.
doi: 10.1097/00005768-199701000-
00015

Hortobagyi, T., Richardson, S. P.,
Lomarev, M., Shamim, E.,
Meunier, S., Russman, H.,
et al. (2011). Interhemispheric
plasticity in humans. Med. Sci.
Sports Exerc. 43, 1188–1199. doi:
10.1249/MSS.0b013e31820a94b8

Howatson, G., Taylor, M. B., Rider,
P., Motawar, B. R., McNally, M. P.,
Solnik, S., et al. (2011). Ipsilateral
motor cortical responses to TMS
during lengthening and shortening
of the contralateral wrist flexors.
Eur. J. Neurosci. 33, 978–990.
doi: 10.1111/j.1460-9568.2010.
07567.x

Howatson, G., and van Someren, K.
A. (2007). Evidence of a contralat-
eral repeated bout effect after max-
imal eccentric contractions. Eur. J.
Appl. Physiol. 101, 207–214. doi:
10.1007/s00421-007-0489-5

Hoy, K. E., Fitzgerald, P. B., Bradshaw,
J. L., Armatas, C. A., and
Georgiou-Karistianis, N. (2004).
Investigating the cortical origins
of motor overflow. Brain Res.
Brain Res. Rev. 46, 315–327. doi:
10.1016/j.brainresrev.2004.07.013

Iacoboni, M. (2005). Neural mech-
anisms of imitation. Curr. Opin.
Neurobiol. 15, 632–637. doi:
10.1016/j.conb.2005.10.010

Iacoboni, M., Koski, L. M., Brass,
M., Bekkering, H., Woods, R.
P., Dubeau, M. C., et al. (2001).
Reafferent copies of imitated
actions in the right superior tem-
poral cortex. Proc. Natl. Acad.
Sci.U.S.A. 98, 13995–13999. doi:
10.1073/pnas.241474598

Iacoboni, M., Woods, R. P., Brass,
M., Bekkering, H., Mazziotta,
J. C., and Rizzolatti, G. (1999).
Cortical mechanisms of human
imitation. Science 286, 2526–2528.
doi: 10.1126/science.286.5449.2526

Jeannerod, M. (2001). Neural sim-
ulation of action: a unifying
mechanism for motor cognition.
Neuroimage 14, S103–S109. doi:
10.1006/nimg.2001.0832

Kamen, G., and Knight, C. A. (2004).
Training-related adaptations in
motor unit discharge rate in young
and older adults. J. Gerontol. A Biol.
Sci. Med. Sci. 59, 1334–1338. doi:
10.1093/gerona/59.12.1334

Kidgell, D. J., Stokes, M. A., and
Pearce, A. J. (2011). Strength
training of one limb increases
corticomotor excitability projecting
to the contralateral homolo-
gous limb. Motor Control 15,
247–266.

Kiers, L., Fernando, B., and Tomkins,
D. (1997). Facilitatory effect
of thinking about movement
on magnetic motor-evoked
potentials. Electroencephalogr.
Clin. Neurophysiol. 105,
262–268. doi: 10.1016/
S0921-884X(97)00027-1

Kobayashi, H., Koyama, Y., Enoka,
E. M., and Suzuki, S. (2012). A
unique form of light-load training
improves steadiness and perfor-
mance on some functional tasks
in older adults. Scand. J. Med. Sci.
Sports doi: 10.1111/j.1600-0838.
2012.01460.x. [Epub ahead of
print].

Kornatz, K. W., Christou, E. A., and
Enoka, R. M. (2005). Practice
reduces motor unit discharge
variability in a hand muscle
and improves manual dex-
terity in old adults. J. Appl.
Physiol. 98, 2072–2080. doi:
10.1152/japplphysiol.01149.2004

Kristeva, R., Keller, E., Deecke, L., and
Kornhuber, H. H. (1979). Cerebral
potentials preceding unilateral
and simultaneous bilateral finger
movements. Electroencephalogr.
Clin. Neurophysiol. 47, 229–238.
doi: 10.1016/0013-4694
(79)90223-2

Kuhtz-Buschbeck, J. P., Mahnkopf, C.,
Holzknecht, C., Siebner, H., Ulmer,
S., and Jansen, O. (2003). Effector-
independent representations of sim-
ple and complex imagined fin-
ger movements: a combined fMRI
and TMS study. Eur. J. Neurosci.
18, 3375–3387. doi: 10.1111/j.1460-
9568.2003.03066.x

Laidlaw, D. H., Kornatz, K. W., Keen,
D. A., Suzuki, S., and Enoka, R. M.
(1999). Strength training improves
the steadiness of slow lengthen-
ing contractions performed by
old adults. J. Appl. Physiol. 87,
1786–1795.

Lappchen, C. H., Ringer, T., Blessin,
J., Seidel, G., Grieshammer, S.,
Lange, R., et al. (2012). Optical
illusion alters M1 excitability after
mirror therapy: a TMS study.
J. Neurophysiol. 108, 2857–2861.
doi: 10.1152/jn.00321.2012

Lebon, F., Byblow, W. D., Collet,
C., Guillot, A., and Stinear, C.
M. (2012). The modulation of
motor cortex excitability dur-
ing motor imagery depends
on imagery quality. Eur. J.

Neurosci. 35, 323–331. doi:
10.1111/j.1460-9568.2011.07938.x

Lee, M., and Carroll, T. J. (2007). Cross
education: possible mechanisms for
the contralateral effects of unilat-
eral resistance training. Sports Med.
37, 1–14. doi: 10.2165/00007256-
200737010-00001

Lee, M., Gandevia, S. C., and Carroll, T.
J. (2009). Unilateral strength train-
ing increases voluntary activation of
the opposite untrained limb. Clin.
Neurophysiol. 120, 802–808. doi:
10.1016/j.clinph.2009.01.002

Leonard, G., and Tremblay, F. (2007).
Corticomotor facilitation associated
with observation, imagery and imi-
tation of hand actions: a compara-
tive study in young and old adults.
Exp. Brain Res. 177, 167–175. doi:
10.1007/s00221-006-0657-6

Lotze, M., and Halsband, U. (2006).
Motor imagery. J. Physiol.
(Paris) 99, 386–395. doi:
10.1016/j.jphysparis.2006.03.012

Magnus, C. R., Arnold, C. M.,
Johnston, G., Dal-Bello Haas,
V., Basran, J., Krentz, J. R., et al.
(2013). Cross-education for
improving strength and mobil-
ity after distal radius fractures: a
randomized controlled trial. Arch.
Phys. Med. Rehabil. 94, 1247–1255.
doi: 10.1016/j.apmr.2013.03.005

Matthys, K., Smits, M., Van der Geest,
J. N., Van der Lugt, A., Seurinck,
R., Stam, H. J., et al. (2009).
Mirror-induced visual illusion of
hand movements: a functional mag-
netic resonance imaging study. Arch.
Phys. Med. Rehabil. 90, 675–681.
doi: 10.1016/j.apmr.2008.09.571

Michielsen, M. E., Smits, M., Ribbers,
G. M., Stam, H. J., van der Geest,
J. N., Bussmann, J. B., et al. (2011).
The neuronal correlates of mir-
ror therapy: an fMRI study on
mirror induced visual illusions in
patients with stroke. J. Neurol.
Neurosurg. Psychiatry 82, 393–398.
doi: 10.1136/jnnp.2009.194134

Molenberghs, P., Cunnington, R.,
and Mattingley, J. B. (2012).
Brain regions with mirror prop-
erties: a meta-analysis of 125
human fMRI studies. Neurosci.
Biobehav. Rev. 36, 341–349. doi:
10.1016/j.neubiorev.2011.07.004

Muellbacher, W., Facchini, S.,
Boroojerdi, B., and Hallett, M.
(2000). Changes in motor cortex
excitability during ipsilateral hand
muscle activation in humans. Clin.
Neurophysiol. 111, 344–349. doi:
10.1016/S1388-2457(99)00243-6

Munn, J., Herbert, R. D., and Gandevia,
S. C. (2004). Contralateral effects
of unilateral resistance training: a
meta-analysis. J. Appl. Physiol. 96,

Frontiers in Human Neuroscience www.frontiersin.org July 2013 | Volume 7 | Article 396 | 206

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Howatson et al. Mirror training and cross-education

1861–1866. doi: 10.1152/japplphys-
iol.00541.2003

Munzert, J., Lorey, B., and Zentgraf,
K. (2009). Cognitive motor pro-
cesses: the role of motor imagery in
the study of motor representations.
Brain Res. Rev. 60, 306–326. doi:
10.1016/j.brainresrev.2008.12.024

Newton, J., Sunderland, A.,
Butterworth, S. E., Peters, A.
M., Peck, K. K., and Gowland,
P. A. (2002). A pilot study of
event-related functional magnetic
resonance imaging of monitored
wrist movements in patients
with partial recovery. Stroke
33, 2881–2887. doi: 10.1161/
01.STR.0000042660.38883.56

Nojima, I., Mima, T., Koganemaru,
S., Thabit, M. N., Fukuyama,
H., and Kawamata, T. (2012).
Human motor plasticity induced
by mirror visual feedback.
J. Neurosci. 32, 1293–1300. doi:
10.1523/JNEUROSCI.5364-11.2012

Papandreou, M., Billis, E.,
Papathanasiou, G., Spyropoulos,
P., and Papaioannou, N. (2013).
Cross-exercise on quadriceps deficit
after ACL reconstruction. J. Knee
Surg. 26, 51–58.

Patten, C., Kamen, G., and Rowland,
D. M. (2001). Adaptations in max-
imal motor unit discharge rate to
strength training in young and older
adults. Muscle Nerve 24, 542–550.
doi: 10.1002/mus.1038

Patuzzo, S., Fiaschi, A., and
Manganotti, P. (2003). Modulation
of motor cortex excitability in the
left hemisphere during action obser-
vation: a single- and paired-pulse
transcranial magnetic stimulation
study of self- and non-self-action
observation. Neuropsychologia
41, 1272–1278. doi:
10.1016/S0028-3932(02)00293-2

Pearce, A. J., Hendy, A., Bowen,
W. A., and Kidgell, D. J. (2012).
Corticospinal adaptations and
strength maintenance in the immo-
bilized arm following 3 weeks
unilateral strength training. Scand.
J. Med. Sci. Sport. doi: 10.1111/
j.1600-0838.2012.01453.x. [Epub
ahead of print].

Perez, M. A., and Cohen, L. G. (2008).
Mechanisms underlying functional
changes in the primary motor cor-
tex ipsilateral to an active hand.
J. Neurosci. 28, 5631–5640. doi:
10.1523/JNEUROSCI.0093-08.2008

Pfurtscheller, G., and Neuper, C.
(1997). Motor imagery activates pri-
mary sensorimotor area in humans.
Neurosci. Lett. 239, 65–68. doi:
10.1016/S0304-3940(97)00889-6

Porro, C. A., Cettolo, V., Francescato,
M. P., and Baraldi, P. (2000).

Ipsilateral involvement of primary
motor cortex during motor imagery.
Eur. J. Neurosci. 12, 3059–3063.
doi: 10.1046/j.1460-9568.
2000.00182.x

Post, M., Bakels, R., and Zijdewind, I.
(2009). Inadvertent contralateral
activity during a sustained unilateral
contraction reflects the direction
of target movement. J. Neurosci.
29, 6353–6357. doi: 10.1523/
JNEUROSCI.0631-09.2009

Ramachandran, V. S., and Rogers-
Ramachandran, D. (1996).
Synaesthesia in phantom limbs
induced with mirrors. Proc.
Biol. Sci. 263, 377–386. doi:
10.1098/rspb.1996.0058

Ramachandran, V. S., Rogers-
Ramachandran, D., and Cobb,
S. (1995). Touching the phantom
limb. Nature 377, 489–490. doi:
10.1038/377489a0

Ray, E., and Heyes, C. (2011). Imitation
in infancy: the wealth of the stim-
ulus. Dev. Sci. 14, 92–105. doi:
10.1111/j.1467-7687.2010.00961.x

Rizzolatti, G., and Craighero, L.
(2004). The mirror-neuron
system. Annu. Rev. Neurosci.
27, 169–192. doi: 10.1146/
annurev.neuro.27.070203.144230

Rizzolatti, G., and Fabbri-Destro, M.
(2010). Mirror neurons: from dis-
covery to autism. Exp. Brain Res.
200, 223–237. doi: 10.1007/s00221-
009-2002-3

Rizzolatti, G., Fadiga, L., Fogassi, L.,
and Gallese, V. (1999). Resonance
behaviors and mirror neurons. Arch.
Ital. Biol. 137, 85–100.

Rizzolatti, G., Fadiga, L., Matelli, M.,
Bettinardi, V., Paulesu, E., Perani,
D., et al. (1996). Localization of
grasp representations in humans
by PET: 1. Observation ver-
sus execution. Exp. Brain Res.
111, 246–252. doi: 10.1007/
BF00227301

Roosink, M., and Zijdewind, I. (2010).
Corticospinal excitability during
observation and imagery of simple
and complex hand tasks: impli-
cations for motor rehabilitation.
Behav. Brain Res. 213, 35–41. doi:
10.1016/j.bbr.2010.04.027

Rosen, B., and Lundborg, G.
(2005). Training with a mirror
in rehabilitation of the hand.
Scand. J. Plast. Reconstr. Surg.
Hand Surg. 39, 104–108. doi:
10.1080/02844310510006187

Rossini, P. M., Rossi, S., Pasqualetti,
P., and Tecchio, F. (1999).
Corticospinal excitability
modulation to hand muscles
during movement imagery.
Cereb. Cortex 9, 161–167. doi:
10.1093/cercor/9.2.161

Rowe, J. B., Toni, I., Josephs, O.,
Frackowiak, R. S., and Passingham,
R. E. (2000). The prefrontal cortex:
response selection or maintenance
within working memory? Science
288, 1656–1660. doi: 10.1126/sci-
ence.288.5471.1656

Sale, D. G. (1988). Neural adapta-
tion to resistance training. Med.
Sci. Sports Exerc. 20, S135–S145.
doi: 10.1249/00005768-198810001-
00009

Scaglioni, G., Ferri, A., Minetti, A.
E., Martin, A., Van Hoecke, J.,
Capodaglio, P., et al. (2002). Plantar
flexor activation capacity and H
reflex in older adults: adaptations
to strength training. J. Appl. Physiol.
92, 2292–2302.

Schulte, T., and Muller-Oehring, E.
M. (2010). Contribution of callosal
connections to the interhemispheric
integration of visuomotor and cog-
nitive processes. Neuropsychol. Rev.
20, 174–190. doi: 10.1007/s11065-
010-9130-1

Scripture, E. W., Smith, T. L., and
Brown, E. M. (1894). On the educa-
tion of muscular control and power.
Stud. Yale Psychol. Lab. 2, 6.

Sehm, B., Perez, M. A., Xu, B., Hidler, J.,
and Cohen, L. G. (2010). Functional
neuroanatomy of mirroring dur-
ing a unimanual force generation
task. Cereb. Cortex 20, 34–45. doi:
10.1093/cercor/bhp075

Semmler, J. G., Sale, M. V., Meyer,
F. G., and Nordstrom, M. A.
(2004). Motor-unit coherence
and its relation with synchrony
are influenced by training.
J. Neurophysiol. 92, 3320–3331.
doi: 10.1152/jn.00316.2004

Shinoura, N., Suzuki, Y., Watanabe,
Y., Yamada, R., Tabei, Y., Saito, K.,
et al. (2008). Mirror therapy acti-
vates outside of cerebellum and ipsi-
lateral M1. NeuroRehabilitation 23,
245–252.

Small, S. L., Buccino, G., and Solodkin,
A. (2012). The mirror neuron
system and treatment of stroke.
Dev. Psychobiol. 54, 293–310. doi:
10.1002/dev.20504

Starbuck, C., and Eston, R. G. (2012).
Exercise-induced muscle damage
and the repeated bout effect: evi-
dence for cross transfer. Eur. J.
Appl. Physiol. 112, 1005–1013. doi:
10.1007/s00421-011-2053-6

Stefan, K., Classen, J., Celnik, P., and
Cohen, L. G. (2008). Concurrent
action observation modulates
practice-induced motor memory
formation. Eur. J. Neurosci. 27,
730–738. doi: 10.1111/j.1460-9568.
2008.06035.x

Stinear, C. M., and Byblow, W.
D. (2003). Motor imagery of

phasic thumb abduction tem-
porally and spatially modulates
corticospinal excitability. Clin.
Neurophysiol. 114, 909–914. doi:
10.1016/S1388-2457(02)00373-5

Stromberg, B. V. (1986). Contralateral
therapy in upper extremity reha-
bilitation. Am. J. Phys. Med. 65,
135–143.

Stromberg, B. V. (1988). Influence
of cross-education training in
postoperative hand therapy. South
Med. J. 81, 989–991. doi: 10.1097/
00007611-198808000-00012

Sutbeyaz, S., Yavuzer, G., Sezer, N.,
and Koseoglu, B. F. (2007). Mirror
therapy enhances lower-extremity
motor recovery and motor func-
tioning after stroke: a random-
ized controlled trial. Arch. Phys.
Med. Rehabil. 88, 555–559. doi:
10.1016/j.apmr.2007.02.034

Swayne, O., Rothwell, J., and
Rosenkranz, K. (2006).
Transcallosal sensorimotor
integration: effects of sensory
input on cortical projections
to the contralateral hand. Clin.
Neurophysiol. 117, 855–863. doi:
10.1016/j.clinph.2005.12.012

Tinazzi, M., and Zanette, G. (1998).
Modulation of ipsilateral motor cor-
tex in man during unimanual finger
movements of different complex-
ities. Neurosci. Lett. 244, 121–124.
doi: 10.1016/S0304-3940(98)
00150-5

Tominaga, W., Matsubayashi, J.,
Furuya, M., Matsuhashi, M.,
Mima, T., Fukuyama, H., et al.
(2011). Asymmetric activation of
the primary motor cortex during
observation of a mirror reflection
of a hand. PLoS ONE 6:e28226. doi:
10.1371/journal.pone.0028226

Ushiyama, J., Takahashi, Y., and Ushiba,
J. (2010). Muscle dependency of
corticomuscular coherence in
upper and lower limb muscles
and training-related alterations in
ballet dancers and weightlifters.
J. Appl. Physiol. 109, 1086–1095.
doi: 10.1152/japplphysiol.00869.
2009

van Duinen, H., Renken, R., Maurits,
N. M., and Zijdewind, I. (2008).
Relation between muscle and brain
activity during isometric contrac-
tions of the first dorsal interosseus
muscle. Hum. Brain Mapp. 29,
281–299. doi: 10.1002/hbm.20388

Vargas, C. D., Olivier, E., Craighero,
L., Fadiga, L., Duhamel, J. R., and
Sirigu, A. (2004). The influence
of hand posture on corticospinal
excitability during motor imagery:
a transcranial magnetic stimulation
study. Cereb. Cortex 14, 1200–1206.
doi: 10.1093/cercor/bhh080

Frontiers in Human Neuroscience www.frontiersin.org July 2013 | Volume 7 | Article 396 | 207

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Howatson et al. Mirror training and cross-education

Williams, J., Pearce, A. J., Loporto,
M., Morris, T., and Holmes, P. S.
(2012). The relationship between
corticospinal excitability during
motor imagery and motor imagery
ability. Behav. Brain Res. 226,
369–375. doi: 10.1016/j.bbr.2011.
09.014

Yavuzer, G., Selles, R., Sezer, N.,
Sutbeyaz, S., Bussmann, J. B.,
Koseoglu, F., et al. (2008). Mirror
therapy improves hand function
in subacute stroke: a random-
ized controlled trial. Arch. Phys.
Med. Rehabil. 89, 393–398. doi:
10.1016/j.apmr.2007.08.162

Yue, G., and Cole, K. J. (1992). Strength
increases from the motor program:
comparison of training with maxi-
mal voluntary and imagined mus-
cle contractions. J. Neurophysiol. 67,
1114–1123.

Zhou, S. (2000). Chronic neural adap-
tations to unilateral exercise: mech-
anisms of cross education. Exerc.
Sport Sci. Rev. 28, 177–184.

Zijdewind, I., Butler, J. E., Gandevia, S.
C., and Taylor, J. L. (2006). The ori-
gin of activity in the biceps brachii
muscle during voluntary contrac-
tions of the contralateral elbow
flexor muscles. Exp. Brain Res. 175,

526–535. doi: 10.1007/s00221-006-
0570-z

Zijdewind, I., and Kernell, D. (2001).
Bilateral interactions during con-
tractions of intrinsic hand muscles.
J. Neurophysiol. 85, 1907–1913.

Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 23 May 2013; accepted: 07 July
2013; published online: 24 July 2013.

Citation: Howatson G, Zult T, Farthing
JP, Zijdewind I and Hortobágyi T
(2013) Mirror training to augment cross-
education during resistance training: a
hypothesis. Front. Hum. Neurosci. 7:396.
doi: 10.3389/fnhum.2013.00396
Copyright © 2013 Howatson, Zult,
Farthing, Zijdewind and Hortobágyi.
This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License, which
permits use, distribution and reproduc-
tion in other forums, provided the origi-
nal authors and source are credited and
subject to any copyright notices concern-
ing any third-party graphics etc.

Frontiers in Human Neuroscience www.frontiersin.org July 2013 | Volume 7 | Article 396 | 208

http://dx.doi.org/10.3389/fnhum.2013.00396
http://dx.doi.org/10.3389/fnhum.2013.00396
http://dx.doi.org/10.3389/fnhum.2013.00396
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


http://www.frontiersin.org/

	Cover
	Frontiers Copyright Statement
	Mental Practice: Clinical and Experimental Research in Imagery and Action Observation
	Table of Contents
	Editorial: Mental practice: clinical and experimental research in imagery and action observation
	References

	Kinesthetic imagery training of forceful muscle contractions increases brain signal and muscle strength
	Introduction
	Methods
	Subjects
	Training Protocol
	Force (Strength) Measurement
	EMG Measurement
	EEG and MRCP Measurement
	Statistical Analysis

	Results
	Baseline Comparison
	Changes in Strength After Training
	Changes in BB and TB EMG
	Changes in MVC-Related Cortical Potential (MRCP)
	Correction for Multiple Comparisons and Sensitivity Analysis Using Non-Parametric Tests

	Discussion
	Acknowledgments
	References

	Performance improvements from imagery: evidence that internal visual imagery is superior to external visual imagery for slalom performance
	Introduction
	Experiment 1: Driving-Simulation Slalom Task
	Methods
	Participants
	Experimental apparatus and task
	Experimental phases
	Measures

	Procedure
	Results
	Preliminary analyses
	Performance score (time-taken)

	Discussion

	Experiment 2: Downhill Slalom Running Task
	Methods
	Participants
	Tasks and experimental conditions
	Measures

	Procedure
	Results
	Preliminary analyses
	Performance data

	Discussion

	Experiment 3: Downhill Ski-Slalom Task
	Methods
	Participants
	Task and experimental conditions

	Procedure
	Results
	Preliminary analyses
	Main analysis

	Discussion

	General Discussion
	Acknowledgments
	References

	The comparison between motor imagery and verbal rehearsal on the learning of sequential movements
	Introduction
	Materials and methods
	Subjects
	Material
	Imaginary distance test
	Kinesthetic and visual imagery questionnaire
	Foot-sequence task
	Electromyography

	Procedure
	Testing session 1
	Mental practice
	Testing sessions 2–6
	Testing session 7

	Data analysis
	Motor imagery ability
	Execution of the foot-sequence task
	Imagination of the foot-sequence task


	Results
	Motor imagery ability
	Execution of the foot-sequence task
	Training: performance change between sessions 1 and 6
	Retention: performance change between sessions 6 and 7


	Discussion
	Effects of mental practice on motor learning
	Mental practice with motor imagery
	Mental practice with verbal rehearsal

	Non-specific learning effect
	Retention after several months without practice
	Motor imagery
	Limits

	Conclusion
	Acknowledgments
	References

	The effects of mental practice in neurological rehabilitation; a systematic review and meta-analysis
	Introduction
	Methods
	Data Sources
	Study Selection
	Type of study
	Type of intervention
	Type of outcome

	Data Extraction and Quality Assessment
	Data Synthesis of the Meta-Analysis

	Results
	Effects Physical Outcome and Methodologic Quality
	Effects on Physical Outcomes in Relation to Patient Characteristics
	Effects on Physical Outcomes in Relation to Intervention Characteristics
	Effects on Cognition or Emotion and Side-Effects
	Data Synthesis of the Meta-Analysis
	Results on Mobility—Rivermead Mobility Index
	Results on Arm-Function—Action Research Arm Test ([fig2]Figure 2)
	Results on Functioning in Activities of Daily Living—Barthel Index
	Results from Functional Activities—Numeric Rating Scale ([fig3]Figure 3)

	Discussion
	Study Limitations
	Strengths and Limitations of Past Studies
	Recommendations for the Design of Future Trials

	References
	Appendix

	Towards the integration of mental practice in rehabilitation programs. A critical review
	Introduction
	Rationale Underlying MI Training
	MI Training (MP) in Healthy Individuals: Skill Learning
	Mental Practice in Sport
	Research Protocols in Neurological Rehabilitation (Tables 1 and 2).

	The Three Modes of MI Delivery
	Separate Mode of MI Delivery (Mode 1A and 1B)
	MI Training of upper limb ADL tasks (Table 3: mode 1A)
	Gait tasks (Table 4: mode 1B)
	Multiple tasks (Table 3: mode 1B)

	Concurrent Mode of MI Delivery (mode 2)
	Upper limb ADL tasks (Table 3: mode 2)
	Gait and mobility tasks (Table 4: mode 2)
	Multiple tasks (Table 3: mode 2)

	MI Alone (Mode 3)
	Upper limb ADL tasks (Table 3: mode 3)
	Gait and mobility tasks (Table 4: mode 3)


	Factors Influencing MI Training Outcomes
	Adherence to MI Training
	The Content and the Amount (dose) of MI Intervention
	Relaxation Component in MI Training
	Outcome Measures for MI Training
	Group Heterogeneity
	The Selection of Patients
	Mental Rehearsal: Audiotape Scripts Versus a Guided one to one Approach

	Integrating MI Training in Current Practice: a Framework
	Step 1: Introduction to MI Training
	Step 2: Insertion of MI Combined with PP in Current Training Sessions
	Step 3: Self-Practice for Increasing the Number of Repetitions

	Future Research Targets
	Conclusion
	Acknowledgments
	References

	Multiple roles of motor imagery during action observation
	Introduction
	A Case for Motor Imagery during Action Observation
	Action Observation and Motor Imagery—a Continuum
	Action Observation
	Motor Imagery1

	Motor Imagery as Motor Simulation
	Research on Action Observation and Motor Imagery
	Highlights of the AO / MI Literature

	Multiple Roles of Motor Imagery during Action Observation
	Congruent AO+MI
	Coordinative AO+MI
	Conflicting AO+MI
	Perspective Matters

	Concluding Remarks
	Acknowledgments
	References

	Using action observation to study superior motor performance: a pilot fMRI study
	Introduction
	Materials and methods
	Participants
	Stimulus material
	Procedure
	Brain imaging parameters
	Statistical analysis

	Results
	Behavioral data
	fMRI data

	Discussion
	References

	Does motor imagery share neural networks with executed movement: a multivariate fMRI analysis
	Introduction
	Methods
	Subjects
	Chaotic Motor Imagery Assessment
	Functional MRI
	Motor (imagery) paradigm
	Data acquisition
	Image analysis


	Results
	Behavioral Results
	fMRI data
	Whole brain analysis
	Independent-components shared by executed movement and motor imagery
	Independent-components involved during executed movement only
	Independent-components involved during motor imagery only


	Discussion
	Acknowledgments
	References

	A timely review of a key aspect of motor imagery: a commentary on Guillot et al. (2012)
	Introduction
	Bio-informational theory
	Behavioral matching
	Motivational aspects
	Rhythmicity
	Conclusion
	References

	The impact of sensorimotor experience on affective evaluation of dance
	Introduction
	Methods
	Participants
	Stimuli and Apparatus
	Physical performance measures
	Affective judgment measures

	Procedure
	Data Analysis
	Physical performance
	Affective judgment


	Results
	Physical Performance
	Affective Judgment

	Discussion
	Liking what we can do: Links Between Embodiment and aesthetics
	Limitations, Implications and Future Directions

	Acknowledgments
	References

	Autonomic nervous system correlates in movement observation and motor imagery
	Introduction
	How the Autonomic Nervous System Functioning is Usually Described?
	New Concepts in Neurovegetative Physiology
	About the Sympathetic Tone
	The Vagal Pathways
	Sympathetic and Parasympathetic Relationships
	Bottom-Up and Top-Down Mechanisms

	Human Mental Processes and the Autonomic Nervous System
	Emotion and the ANS
	Observation, Attention and the ANS

	The Autonomic Nervous System: a Witness of Movement Observation and MI
	A Specific Index of the Sympathetic System: Electrodermal Activity
	ANS Recordings and Brain-Computer Interface
	ANS Recordings and Physical Practice
	The Coprogrammation of Movement by the CNS and the ANS
	Outcomes that Could be Questioned

	Autonomic Nervous System Responses Pattern Specificity During Observation and MI
	Motor Imagery Types and ANS Responses
	Motor Imagery and Peripheral Metabolic Changes
	Inter-Individual Differences in MI Imagery Abilities

	Conclusion
	References

	Congruency of gaze metrics in action, imagery and action observation
	Gaze in Action Execution
	Gaze in Action Observation
	Gaze in Movement Imagery
	Congruency of Gaze Metrics
	Action Execution and Action Observation
	Action Execution and Movement Imagery
	Action Observation and Movement Imagery
	Action Execution, Action Observation, and Movement Imagery

	Implications
	Training Tools
	Future Directions

	Conclusions
	References

	Watch me if you can: imagery ability moderates observational learning effectiveness
	Introduction
	Materials and Methods
	Participants
	Task and Apparatus
	Procedure
	Dependent measures and analyses

	Results
	Pre-test
	Gymnastics performance
	Imagery ability (VMIQ-2)

	Discussion
	References

	Motor imagery ability in stroke patients: the relationship between implicit and explicit motor imagery measures
	Introduction
	Materials and Methods
	Participants
	Instruments
	Explicit motor imagery: motor imagery questionnaire
	Implicit motor imagery: computerized imagery task
	Simple choice reaction time task
	Hand laterality judgment task
	Visual imagery task

	Brunnström Fugl-Meyer scale
	Utrecht arm/hand Test

	Procedure
	Data Analysis

	Results
	Internal Reliability
	Differences in Imagery Ability between Patients and Controls
	Patient group vs. control group
	Individual patients vs. control group

	Correlation between the Questionnaire, the Hand Laterality Task and the Visual Imagery Task
	Reaction Time Analysis

	Discussion
	Acknowledgments
	References

	A standardized motor imagery introduction program (MIIP) for neuro-rehabilitation: development and evaluation
	Introduction
	Methods
	Phase 1: Development of the Motor Imagery Introduction Program (MIIP)
	The motor imagery introduction program (MIIP)
	Session 1
	Session 2
	Session 3


	Phase 2: Development of the MIIP-Evaluation-Questionnaire (MIIP-EQ)
	Phase 3: Pre-Evaluation of MIIP and MIIP-EQ
	Phase 4: Evaluation of the MIIP
	Study patients
	Procedure
	Outcome measures

	Statistics

	Results
	Demographics
	Primary Outcome: Improvement of Declarative Knowledge about MI after the MIIP: (MIIP-EQ Part A)
	Secondary Outcomes
	Change of procedural knowledge about MI after the MIIP (MIIP-EQ part B)
	Study patient satisfaction with the MIIP (MIIP-EQ part C)
	KVIQ-G 20
	Imaprax-G
	Mental chronometry
	Open patient comments


	Discussion
	Limitations

	Conclusions
	Acknowledgments
	References

	Mental representation and motor imagery training
	Mental representation
	Mental representation and learning
	New directions: application of SDA-M in motor imagery training
	Empirical evidence: motor imagery training studies
	Potential relevance for technical fields
	Conclusions
	References

	Motor imagery during action observation modulates automatic imitation effects in rhythmical actions
	Introduction
	Experiment 1
	Experiment 2
	Experiment 1
	Task and design
	Results
	Discussion

	Experiment 2
	Task and design
	Results
	Discussion

	General discussion
	Materials and methods
	Experiment 1
	Participants
	Stimuli and apparatus
	Procedures

	Experiment 2
	Participants
	Stimuli and apparatus
	Procedures
	Acknowledgements
	References



	Mirror training to augment cross-education during resistance training: a hypothesis
	Background
	Overview of the Mirror Neuron System
	Cross-Education Following Resistance Exercise
	How Might the Use of a Mirror Augment the Cross-Education Effect?
	Brain Activation During Movement Observation, Imagery and Task Execution
	Clinical Applications of Cross-Education and Facilitation with Mirror-Training
	General Summary
	References

	Back Cover


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




