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Motor imagery after stroke: where next?

 perspective

There is considerable interest in using motor imagery to improve recovery after stroke. While motor 
imagery has a strong neuroscientific rationale, there are significant obstacles to its use and gaps in our 
knowledge that need to be addressed. Together these may explain the inconsistent results seen in recent 
randomized placebo-controlled trials of motor imagery training in stroke patients. The first section of this 
article discusses why assessment of motor imagery ability is crucial when applying motor imagery to stroke 
patients. Then in the context of current models of recovery after stroke, the second section highlights 
gaps in the neuroscientific rationale behind the use of motor imagery training. The third section explores 
the recent randomized trials of motor imagery training in stroke patients and discusses why the findings 
are inconsistent. Finally, I propose future areas of research that may prove fruitful and will allow motor 
imagery to fulfill its potential.
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Motor imagery (the ability to mentally rehearse 
motor acts) is an integral part of the motor sys-
tem. While it can be applied in a wide range 
of situations, for instance to train athletes [1], 
it is the application of motor imagery to stroke 
patients that I will focus on here. Stroke remains 
the leading cause of long-term disability and over 
795,000 people suffer a stroke in the USA every 
year [2]. Most stroke patients have persistent defi-
cits in fine motor skills impairing daily activities 
and independence. Yet even years after stroke, 
the human brain is capable of reorganizing to 
improve motor performance [3–6]. Motor imag-
ery may be able to influence this neuroplastic 
process and therefore reduce the burden of dis-
ability in select patients [6–8]. However, there 
are a number of obstacles when using motor 
imagery in stroke patients. First, there is a dif-
ficulty in objectively identifying patients who 
can (or cannot) perform motor imagery after 
a stroke. Second, we have very little informa-
tion regarding the neural substrates of motor 
imagery after stroke. I will argue here that these 
obstacles are likely to have contributed signifi-
cantly to the lack of functional imaging studies 
in stroke patients [7] and the inconsistent results 
derived from clinical trials of motor imagery 
training [9–11]. 

Previously, we have suggested that motor 
imagery may represent a ‘back door’ to the 
motor system after stroke [7]. In other words it 
could be used to access the motor system when 
movement is not possible. Motor imagery is an 

attractive task as it incorporates voluntary drive 
(i.e., the subject is actively engaged in the task), 
which is important in rehabilitation [12]. It is not, 
in principle at least, dependent upon residual 
motor function. In other words stroke patients 
are able to use motor imagery to perform move-
ments that they can no longer physically execute 
[13]. Furthermore, there is evidence to suggest 
that motor imagery is a realistic substitute to 
actual movement [14–16], making it an attractive 
potential intervention after stroke [6–8]. 

This perspective has four sections. The first 
section discusses why it is critical that we objec-
tively assess motor imagery ability in each indi-
vidual rather than at the group level. The second 
section discusses the neuroscientific rationale 
behind the use of motor imagery training in the 
context of the current models of recovery after 
stroke. The third section will discuss the recent 
randomized trials of motor imagery training in 
stroke patients and discuss why the findings are 
inconsistent. Finally I will propose areas that I 
feel need to be investigated over the next decade 
in order for motor imagery to fulfill its potential.

Assessing motor imagery ability in 
stroke patients
Motor imagery is entirely covert and therefore it 
is difficult (though not impossible) to confirm 
whether the subject is doing what is asked of 
them. A central question in the use of motor 
imagery in stroke patients is ‘how do I know 
that the subject is performing motor imagery?’ 
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To add to this there are different types of imag-
ery (i.e., visual imagery, third person imagery, 
for examples see [17]). Instructions to the sub-
jects therefore need to be precise. The situation 
becomes more complex after a stroke when the 
lesion itself may disrupt the networks required to 
perform motor imagery. It is perhaps an under-
statement to say that assessing motor imagery 
ability and compliance in stroke patients is 
difficult. 

One approach is to use the similarities 
between motor imagery and actual movement 
to our advantage. Motor imagery produces simi-
lar autonomic changes to movement, with sig-
nificant increases in heart and respiratory rates 
observed [14,15,18]. However, it is the accuracy and 
close temporal coupling between motor imagery 
and actual movement that is paramount in my 
opinion, that is, the time taken to mentally per-
form an action closely mirrors the actual move-
ment [16,19]; this can be preserved after stroke [20]. 
Importantly, this forms part of Jeannerod’s defi-
nition of motor imagery, “the mental rehearsal 
of a first person action-representation without 
movement that is confined by the principles of 
motor control” [21]. The clause restricting motor 
imagery to comply with the rules of motor con-
trol is crucial in successfully applying it to stroke 
patients as it can be used to objectively check 
ability and monitor compliance. 

Monitoring compliance is particularly impor-
tant after stroke as depending upon the lesion 
location, the capacity to perform motor imagery 
may be disrupted [7]. However, in other chronic 
disease states temporal coupling is often pre-
served; in Parkinson’s disease asymmetrical 
bradykinesia is mirrored during motor imagery 
[22], as is the performance in chronic fatigue 
syndrome [23]. Depending on the lesion location 
after stroke, the ability to perform motor imag-
ery accurately and/or the temporal coupling may 
be affected. For instance, lesions in the parietal 
lobe can reduce motor imagery accuracy [24,25], 
whereas temporal uncoupling may occur after 
parietal [26] or frontal lobe damage [13], but can 
be preserved after cerebellar stroke [27]. 

We use the term ‘chaotic motor imagery’ for 
cases when the subject ‘breaks the rules’. Chaotic 
motor imagery is defined as an inability to per-
form motor imagery accurately, or if accuracy is 
preserved, the demonstration of temporal uncou-
pling [7,28–31]. We have designed a simple and 
rapid assessment that is capable of objectively 
screening for chaotic motor imagery in individu-
als (Chaotic Motor Imagery Assessment). Full 
details of this assessment have been published 

elsewhere and it is freely available on request 
[28–31]. The Chaotic Motor Imagery Assessment 
assesses motor imagery accuracy and then 
explores the close temporal coupling between 
motor imagery and actual movement to identify 
patients performing chaotic motor imagery [7,28–

32]. Importantly, the Chaotic Motor Imagery 
Assessment assesses whether each patient is 
performing chaotic motor imagery rather than 
looking for differences at the group level. An 
interesting alternative is the Controllability 
of Motor Imagery Scale [33]; subjects follow a 
series of instructions, each specifying a single 
mental movement of a limb, and at the end the 
subject must assume the position produced by 
the combination of movements. Those unable to 
do so are excluded, providing objective evidence 
of motor imagery ability. Although the use of 
alternative strategies such as visual imagery is 
not addressed, it remains a useful assessment. 

How prevalent is chaotic motor 
imagery?
In a study of subcortical stroke patients we 
reported that 40% of subjects performed cha-
otic motor imagery [31]. What is surprising is 
that these subjects were highly selected and had 
small subcortical lesions that one would not 
have predicted to interfere with motor imagery 
ability based upon lesion studies [13,24–26]. In an 
unrestricted patient population the number of 
subjects demonstrating chaotic motor imagery 
ability is likely to be much higher. Therefore in 
my opinion, owing to the heterogeneous nature 
of stroke lesions, the first step in assessing motor 
imagery compliance should be to ask ‘can this 
patient perform motor imagery?’

Subjective measurements or even objective 
measures [20,34] of the quality or nature of motor 
imagery performed at the group level overlook 
the critical question of whether the individual 
subjects can perform motor imagery [14,35–37]. 
Inherently these questionnaires assume that the 
subject can perform motor imagery. While these 
measurements are very important and provide 
useful information, in the specific context of 
screening for motor imagery ability after stroke, 
I feel that a dichotomic approach to motor imag-
ery is necessary; able versus unable is required at 
the subject level at the first instance. Often the 
lack of significant difference between groups of 
patients is taken to imply that all subjects were 
able to perform motor imagery. Of course a ‘lack 
of a difference’ does not provide any information 
supporting the statement that all subjects can 
perform motor imagery. It may be argued that 
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testing at the group level confirms that the num-
ber of patients performing chaotic motor imagery 
is likely to be equal in both inter ventions. While 
this may be the case, looking for differences at 
the group level may provide false comfort as the 
p-value would remain nonsignificant even if 40% 
of the stroke patients included were unable to 
perform motor imagery. If we are investigating 
motor imagery, failing to identify a large number 
of subjects who cannot perform the task makes 
interpreting the results (or lack thereof) impos-
sible. It should be explicitly stated that subjects 
performing chaotic motor imagery may have the 
most to gain from imagery training. Therefore, 
depending upon the hypothesis being tested, they 
may not need to be excluded but just identified. 

why could motor imagery improve 
recovery after stroke?
At the very core of virtually any application of 
motor imagery to stroke patients (or other patient 
populations such as those with Parkinson’s 
Disease [32]) are underlying assumptions about its 
neural substrates. The assumption is that motor 
imagery activates the same neural substrates as 
actual movement after stroke and can therefore 
be used as an alternative. While the similarities 
between the neural substrate of motor imagery 
and actual movement have been documented 
[7,38–44], there is very little information about 
the neural substrates of motor imagery in stroke 
patients. And yet, only by understanding the 
neural substrate of motor imagery after stroke 
can we establish in whom it may beneficial. 
Furthermore, our understanding of the neural 
substrates of actual movement after stroke is far 
from complete.

The spontaneous recovery of function after 
stroke has been studied widely since the emer-
gence of techniques able to probe the human 
brain in vivo (e.g., functional MRI, EEG, 
magnetoencephalography and PET) [5]. It has 
become clear that the primary motor cortex is 
central to the changes in motor performance, 
even in healthy volunteers [45]. The models of 
motor recovery after stroke are almost exclusively 
based upon actual movement (for more in-depth 
reviews of this area see [3–6]). Numerous studies 
now suggest that spontaneous recovery of motor 
function is accompanied by reorganization in 
areas remote from the structural damage [5,46–52]. 
It is the interplay between the two primary 
motor cortices that has received the most atten-
tion [47,51–57]. While in healthy volunteers simple 
hand movements activate the opposite primary 
motor cortex (BA4), after stroke, movement of 

the paretic hand activates a widespread bilateral 
motor network that includes both primary motor 
cortices [47,51,53–55]. In other words both the hemi-
sphere affected by the stroke (ipsilesional) and 
the unaffected hemisphere (contralesional) show 
movement-dependent changes in blood oxygen 
level dependence signal. Overall, it appears that 
the greater the movement-dependent change in 
activation within the ipsilesional primary motor 
cortex, the better the recovery of motor perfor-
mance [47,51,53–55,58]. Thus, stroke patients who 
have made a near-complete recovery appear 
to have neural networks that closely resemble 
healthy volunteers. It stands to reason that inter-
ventions capable of normalizing this movement-
dependent hemispheric imbalance between the 
motor cortices could improve motor function and 
a number of studies support this [6,59–68]. 

The central assumption behind the use of 
motor imagery training after stroke is that it can 
drive the imbalance between primary motor cor-
tices to a more physiological state, thus improving 
motor function. Therefore, one would assume 
that motor imagery involves the motor cortex; 
surprisingly the answer is not clear. In healthy 
volunteers the reported involvement of the pri-
mary motor cortex during motor imagery is 
inconsistent [7,38]. The reports range from no 
activation of the primary motor cortex [39,40] 
to transient involvement [41], while others have 
reported activation less than [42,43] or equal to 
actual movement [44]. As I have previously 
discussed elsewhere, a large number of these 
inconsistencies may be related to difficulties in 
screening and monitoring compliance [7], but 
other factors have also emerged. For example, 
whether subjects are performing predominantly 
visual imagery or kinesthetic imagery may [69] 
or may not influence BA4 activity [70]. It has also 
been suggested that the lack of BA4 activation 
is a result of suppression by the supplementary 
motor area [71] but whether this is task dependent 
is not clear. Motor imagery involves the posterior 
subdivision of BA4 (labeled BA4p) rather than 
the anterior subdivision (BA4a), which may also 
explain some inconsistencies [28]. So is the motor 
cortex involved in motor imagery? 

Despite the variable results, in my opinion 
there is sufficient evidence to suggest that with 
appropriate screening of subjects, clear instruc-
tions and monitoring of compliance, motor imag-
ery involves the primary motor cortex. This is 
important because given our current models of 
motor recovery after stroke there would be little 
or no neuroscientific rationale for using motor 
imagery if it did not involve BA4. 
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Having established that there is a neuro-
scientific basis for using motor imagery in 
stroke patients, how are the neural substrates 
of motor imagery affected by stroke and how 
do they compare to actual movement? Despite 
the extensive use of motor imagery in stroke 
patients across disciplines, we have very little 
information to answer this question. There are 
only a handful of studies. Unfortunately, case 
reports/series of functional imaging of motor 
imagery after stroke cannot be generalized 
[72,73] and are of limited use. 

We examined well-recovered subcortical 
stroke patients and as expected, movement-
dependent activation of the paretic hand 
appeared normal [31]. By contrast, motor imag-
ery-dependent activation (in the same subjects) 
highlighted an abnormal hemispheric imbal-
ance within BA4p. Importantly the degree of 
imbalance correlated with the degree of residual 
motor impairment [31]. This study, among oth-
ers, provides further evidence of the importance 
of BA4p in the recovery process [47,49]. Using 
structural equation modeling we also reported 
abnormal interactions between widespread cor-
tical regions, which were again more prominent 
during motor imagery than actual movement 
[30]. Again the differences during motor imag-
ery correlated with residual motor impairment. 
These studies suggest that motor imagery pro-
vides additional important information that is 
functionally relevant but not apparent during 
studies of actual movement. However, it should 
be noted that these studies included both sub-
acute and chronic patients, but more impor-
tantly all patients had recovered considerable 
motor function.

There are very few studies of motor imag-
ery in more severely affected stroke patients. 
A study designed to investigate a magneto-
encephalography-based brain–computer inter-
face by Buch et al. reported that completely 
hemiparetic chronic stroke patients were able 
to successfully learn to modulate µ-rhythm 
(thought to originate from the sensorimotor 
cortex) to control a cursor and orthotic device 
[74]. It should be noted that while the study was 
not intended to focus on motor imagery, and 
other cognitive processes may have modulated 
µ-rhythm, it highlighted a number of impor-
tant points. While four stroke patients increased 
µ-modulation within the ipsilesional motor cor-
tex, training resulted in two patients increasing 
µ-rhythm within the contralesional motor cor-
tex. This result should not be overinterpreted 
but this finding potentially contradicts the 

current models of recovery after stroke, high-
lighting the importance of studying the more 
severely affected stroke population. Buch and 
colleagues have recently shown that modula-
tion of µ-rhythm depends upon structural and 
functional connectivity in both ipsilesional 
and contralesional parietofrontal pathways [75]. 
Kimberley et al. studied seven stroke patients 
using motor imagery and reported greater 
ipsilesional activation within BA4 in the stroke 
patient group compared with actual movement 
[76]. There are two important caveats to both 
of these studies. Neither screened the subjects 
for motor imagery ability or monitored compli-
ance. In addition, both studies included stroke 
patients with cortical lesions whereas the mod-
els of recovery are largely based upon patients 
with subcortical lesions. 

It should be noted that severely affected 
stroke patients are often the focus of stud-
ies involving brain–computer interfaces and 
motor training, despite there being virtually 
no information regarding the underlying neural 
substrates.

Motor imagery training after stroke
Given the paucity of information regarding 
the neural substrates of motor imagery, patient 
selection in motor imagery trials has been 
largely unrestricted. It is perhaps not surpris-
ing that to date there are inconsistent results 
when motor imagery training has been applied 
to stroke patients. In recent years there has been 
a move beyond case reports and randomized 
placebo controlled trials have emerged. 

In a randomized controlled design, Page et al. 
studied a group of 32 chronic stroke patients 
(>1 year, mean 3.6 years, no details of lesions 
given) [11]. The motor imagery tasks used were 
daily activities (e.g., reaching for and grasp-
ing a cup) and the dose of motor imagery was 
relatively small (30 min per day for 2 days for 
6 weeks). Nevertheless they found that motor 
imagery training versus relaxation (both were 
combined with a limited amount of physical 
practice) resulted in significant reductions in 
arm disability as measured with the Action 
Research Arm Test and Fugal-Meyer Assessment 
(upper extremity section). In an elegant study 
Liu et al. studied the affects of motor imagery 
training in subacute stroke patients (n = 35, on 
average 12.2 days poststroke) [10]. They found 
a significant improvement in both trained and 
untrained tasks in the motor imagery group (vs 
conventional rehabilitation). Subjects received 
daily training for 1 h for 3 weeks (15 h total). 
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In contrast to the aforementioned studies 
a recent larger randomized trial found that 
motor imagery failed to have a beneficial effect 
on motor performance. Ietswaart et al. stud-
ied subacute patients with suspected stroke 
(<4 months) [9]. A total of 39 patients received 
45 min of training versus an attentional control 
(n = 31) or ‘normal care control’ (n = 32) for 
3 days a week for 4 weeks. The authors found 
that despite adequate powering of the study, 
they found no effect of training. 

It is important to consider why Ietswaart et al. 
failed to demonstrate a benefit of motor imagery 
training [9], whereas Page et al. [11] and Liu et al. 
[10] did. The study by Ietswaart et al. is differ-
ent from the other studies in a number of ways. 
For instance, Ietswaart et al. admit that the 
study aimed to address whether motor imagery 
training would be effective in all patients with 
suspected stroke. Thus the patient population 
included was perhaps more diverse than the 
other two studies (of note, details of the lesion 
were lacking). While the patient population in 
Ietswaart et al. was at a much earlier stage of 
recovery (<4 months) than Page et al., it was 
comparable to Liu et al. implying time post-
stroke is less important. The ‘dose’ of motor 
imagery varied widely across the three studies. 
Patients in Liu et al. received the most training 
(15 h in total), whereas Ietswaart et al. received 
less (total of 9 h with additional 4 h of indepen-
dent training) and subjects in Page et al. only 
received 6 h. However, it should be noted that 
the intervention in Ietswaart et al. also included 
action observation and mirror therapy as well. 
Therefore the dose of supervised motor imagery 
training was approximately 6 h in total. We 
do not know whether action observation and 
mirror therapy are complimentary in this con-
text. It appears therefore that the ideal dose of 
motor imagery training is critical (i.e., dura-
tion, frequency and overall length of training) 
and needs to be established. 

The inclusion of physical practice is another 
key difference between the studies. In contrast 
to the study Ietswaart et al., Page et al. and 
Liu et al. both included a degree of physical 
practice. The finding by Liu et al. that motor 
imagery training is more effective than con-
ventional rehabilitation is remarkable in this 
regard. This raises a critical question: is some 
form of physical practice required for motor 
imagery training to be effective? Although 
evidence is sparse, motor imagery training can 
independently improve motor performance and 
produce cortical plastic changes [77], suggesting 

physical practice is not required but the studies 
in stroke patients suggest it may be useful. 

where next?
There is a considerable wealth of data support-
ing the use motor imagery after a stroke, both 
as a means to evaluate the current state of the 
motor system and to influence it through train-
ing. The few imaging studies of motor imagery 
after stroke have highlighted that it is not just 
a substitute to actual movement, but provides a 
rich evaluation of the motor system. However, 
it is clear that screening for motor imagery abil-
ity is important to both imaging studies and tri-
als of motor imagery training. In the presence 
of inconsistent results from the randomized tri-
als we need a paradigm shift and need to gather 
more information to help guide future clinical 
trials. We need to accept that motor imagery 
training, like virtually all other interventions 
after stroke, is likely to be most effective in a 
subgroup of stroke patients. In other words we 
need to target the stroke patients that are most 
likely to benefit from motor imagery training. 

Functional imaging studies are likely to pro-
vide the necessary information while inform-
ing our understanding of the recovery process. 
There should be a clear focus on using motor 
imagery to evaluate the neural substrates in 
the more severely affected stroke population in 
both the subacute and chronic stage of recov-
ery. Not to say that higher functioning patients 
would not benefit from further investigation, 
but as we have virtually no information in the 
severely affected patient population this is a 
priority. It is particularly important that func-
tional imaging studies employ adequate mea-
sures to screen subjects and monitor compli-
ance. I know of groups who have tried to carry 
out such work, only to find the data unusable 
because these precautions were not taken. Not 
only will this help identify the patients who will 
benefit from motor imagery training, but it is 
also likely to change our understanding of the 
recovery process after stroke. 

The randomized trials have highlighted 
that further work is desperately needed to 
understand the effect of motor imagery train-
ing dose and to establish the effect that addi-
tional physical practice has when combined 
with motor imagery training. Although more 
randomized trials of motor imagery training 
may address these points, they would require 
a large number of patients and if negative may 
not move the field forward. Establishing the 
impact of these factors on a surrogate marker 
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such as cortical reorganization (measured using 
any number of techniques, functional MRI, 
magneto encephalography, EEG, transcranial 
magnetic stimulation) induced by motor imag-
ery training in stroke patients is likely to be 
more fruitful and allow a more focused clini-
cal trial in the future. Imaging trials therefore 
need to explore whether the cortical changes 
induced by motor imagery training are aug-
mented by both the dose of imagery training 
and the addition of physical practice. This will 
allow targeting of the most appropriate patients 
in future randomized placebo control trials of 
motor imagery training. Of course in the real 
world, future rehabilitation will not be confined 
to single interventions. For instance, guided by 
functional imaging studies, we may find that 
motor imagery training is effective during the 
early stages of recovery when movement is dif-
ficult but the addition of physical movement 
produces more desirable effects later on. 

In addition to further experiments, and per-
haps more importantly, we will require com-
munication and collaboration between research 
groups. This is particularly important as motor 
imagery is being used by an ever-increasing 

number of disciplines. It is important to 
develop a consensus on the methods and 
direction of future motor imagery research. 
For instance, an agreement on the ideal bat-
tery of motor imagery tools for screening would 
be tremendously useful for all involved. Close 
collaboration would also be required to develop 
the networks needed to carry out multi center 
trials in the future. How this is achieved is not 
clear but perhaps a cross-discipline motor imag-
ery workshop or small conference would be an 
appropriate first step.
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executive summary

 � Motor imagery (the ability to mentally rehearse motor acts) may represent a ‘back door’ to the motor system after stroke.
 � It is critical that motor imagery ability and compliance is assessed for each subject. This is important in healthy volunteers, but even more 

so in stroke patients when the lesion may interfere with the capacity to perform imagery (labeled chaotic motor imagery).
 � In a study of highly selected sub-cortical stroke patients over 40% performed chaotic motor imagery; the prevalence is likely to be higher 

in a general stroke population. It is unknown, however, whether these patients have the most or least to gain from motor imagery 
training.

 � There are only a handful of functional imaging studies of stroke patients performing motor imagery. These have highlighted that imagery 
is not just a substitute for actual movement, but it provides a rich evaluation of the motor system that has enhanced our understanding 
of recovery after stroke. 

 � While there is a strong neuroscientific rationale why motor imagery training may improve recovery after stroke, the results of recent 
randomized placebo controlled trials are inconsistent. This is likely to be secondary to poor screening for motor imagery ability and 
compliance, and a failure to target the most appropriate stroke patients. 

 � Future studies could use functional imaging to identify stroke patients that are most likely to benefit from motor imagery training.
 � In addition to appropriate screening, future studies of motor imagery training need to assess the ‘dosing’ of training required.
 � Close communication and collaboration across the wide range of disciplines using motor imagery is necessary to ensure imagery realizes 

its full potential.
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