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ABSTRACT: Motor imagery (MI), defined as the mental implementation of an action in the absence of
movement or muscle activation, is a rehabilitation technique that offers a means to replace or restore lost motor
function in stroke patients when used in conjunction with conventional physiotherapy procedures. This article
briefly reviews the concepts and neural correlates of Ml in order to promote improved understanding, as well
as to enhance the clinical utility of MI-based rehabilitation regimens. We specifically highlight the role of the
cerebellum and basal ganglia, premotor, supplementary motor, and prefrontal areas, primary motor cortex,
and parietal cortex. Additionally, we examine the recent literature related to Ml and its potential as a

therapeutic technique in both upper and lower limb stroke rehabilitation.
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Degenerative processes are the primary underlying cause
of several conditions generally associated with aging,
including cardiovascular disease, stroke, and cancer [1].
Of these conditions, stroke remains one of the major
worldwide causes of mortality, and is a leading cause of
serious long-term disability in the United States [2]. Even
after completing standard rehabilitation regimens, 50-
60% of stroke patients suffer from some measure of motor
impairment [3]. Of this population, older stroke patients
are often substantially impaired in their ability to perform
activities of daily living, thus necessitating long-term
rehabilitation services [4]. It is therefore crucial to
examine novel post-stroke therapeutic techniques in order
to facilitate effective stroke recovery. Constraint-induced

movement therapy (CIMT) is a popular rehabilitation
strategy for many stroke patients, and forces the use of
affected muscles by restricting the use of unaffected limbs
[5]. However, severely injured patients are often devoid
of even residual movement in affected limbs; thus, CIMT
and other movement-based therapies cannot be employed
to assist these patients. This limitation has compelled the
scientific community to explore other therapeutic
techniques, including motor imagery (MI) training [6].
MI is a popular research focus in the fields of
neurophysiology, = neuroimaging, neurology, and
psychology. Additionally, it has been developed as a
foundation for neurorehabilitation and brain-machine and
brain-computer interfaces [7]. However, a detailed
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description of MI and its application in stroke
rehabilitation is lacking. Therefore, the aim of this review
is to identify and examine the roles of neural correlates
underlying MI, and to examine the latest literature
associated with MI-based stroke rehabilitation.

Concept of Motor Imagery

MI involves the mental execution of an action in the
absence of movement, and it activates neural structures
and processes similar to those activated when certain
movements are actually performed [8, 9]. For example, in
either a first or third person perspective, an individual can
imagine throwing a ball, without actually performing the
movement. In doing so, they activate portions of cerebral
cortex related to initiating, though not executing, the
throwing motion. Since stroke patients are often unable to
perform particular movements, MI is an attractive means
of “relearning” how to execute certain actions with
affected limbs, provided patients have sufficient cognitive
abilities to comprehend and carry out MI task instructions.

Presumably, the signal flow in a motor control system
can be divided into four stages: 1) a motor signal is
generated in the motor cortex, 2) the motor command
travels through the spinal cord, 3) the motor command
activates specific muscles, and 4) conscious and
unconscious sensory feedback is transmitted back to the
brain after muscle contraction, terminating in
somatosensory cortex. This flow of information
constitutes the sensory-motor closed loop. In the planning
stage of motor control, information regarding the potential
movement is acquired, but explicit specification of motor
parameters is excluded [10]. The motor command is
preceded by a preparation stage, and the organism waits
for an execution cue before movement is permitted [10].
MI corresponds to activation of neural representations of
potential movement, and is considered functionally
equivalent to the planning and preparation stages (though
not the execution stage) of motor control [7, 11, 12]. This
suggests that MI and motor execution are generated
through analogous computational steps [13], and involve
similar brain structures. Indeed, imagining a simple,
highly automatic movement often takes a similar amount
of time as compared to the amount of time necessary to
execute that same movement, though more variation
exists for increasingly complex movements [14].

Neural Correlates of MI and Clinical Implications

MI is a promising neurorehabilitation technique,
particularly for stroke rehabilitation, because it appears to
involve the control mechanisms and neural substrates
employed in actual movement [8]. Researchers have been
exploring the brain structures involved in MI for over two

decades, and although the precise neural correlates remain
unclear, much progress has been made [7]. A plethora of
neuroimaging studies have demonstrated that the cortical
and subcortical regions activated during MI tasks
substantially overlap with those involved in movement
execution. In the subsequent sections, we will briefly
review the neural correlates of MI and, when possible, the
impact of stroke on these brain structures and subjects’
abilities to perform MI.

Cerebellum and Basal Ganglia

Generally, portions of the cerebral cortex considered to be
involved with motor control include the primary motor
cortex (M1), the supplementary motor area (SMA), and
the premotor cortex (PMC). These cortical areas are
closely linked to the cerebellum and basal ganglia,
resulting in extensive feedback loop systems [15]. These
loop systems permit the coordination, cortical modulation,
and feedback control that have been considered the
primary functions of the cerebellum [16, 17], yet until
recently, the manner in which the cerebellum influences
MI tasks was unclear. A 2016 study using cerebellar
transcranial direct current stimulation demonstrated that
the cerebellum has an inhibitory effect on MI, and
functions by preventing efferent impulses (induced by
MI) from reaching medullary and skeletal muscular levels
[18]. As it relates to stroke, few studies have directly
examined the impact of cerebellar lesions on Ml abilities.
In a small transcranial magnetic stimulation study of eight
patients with unilateral cerebellar lesions due to
thromboembolic stroke, ischemia in the posterior inferior
cerebellar artery territory decreased the excitability of
motor cortex, and resulted in diminished MI abilities as
compared to a group of aged-matched, healthy controls
[19]. An earlier study of cerebellar stroke substantiated
these findings [20].

In addition to cerebellar activation, MI has been shown
to recruit subcortical motor areas such as the basal ganglia
[21]. It has long been known that patients with
Parkinson’s disease demonstrate reduced ability to
perform MI tasks [22-24]. Although the substantia nigra
damage seen in Parkinson’s patients is not functionally
equivalent to stroke-induced basal ganglia damage, these
studies highlight the importance of the basal ganglia in
MlI-based tasks [25]. Additionally, in a study of 37
hemiplegic stroke patients, there was a correlation
between presence of putamen damage and diminished MI
capacity [26]. Further, a recent systematic review
indicated that basal ganglia damage, specifically to the
putamen, may negatively impact MI abilities [27].
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Premotor, Supplementary Motor, and Prefrontal Areas

Ml-induced brain activity typically involves premotor and
supplementary motor areas, the two brain regions most
consistently implicated in MI processes [7]. Indeed, a
recent study on MI and motor execution in stroke patients
confirmed the activation of the PMC and SMA in MI and
motor execution in a control population [28]. Additionally,
previous studies have indicated that premotor and
supplementary motor areas play a key role in the planning,
preparation, and control of movement [10, 28, 29]. Some
investigators have found that locations of SMA activity in
MI only partially overlap with those of motor execution
[30], implying that portions of the SMA may play a
specific role in MI alone [31]. A study using
magnetoencephalography (MEG) [32] suggests that some
neurons of the SMA inhibit M1 activity, thereby
preventing motor execution. This is in accordance with
the results of an earlier study that demonstrated the
suppressive effect of the SMA on M1 [33]. More recently,
the influence of the SMA on M1 activity was examined in
an effective connectivity analysis of the damaged
(experimental) and undamaged (control) cerebral
hemispheres of 10 stroke patients [34]. After MI- and
motor execution- based tasks, the authors suggested a
suppressive influence of SMA on M1 during MI, whereas
the effect of SMA on M1 was unrestricted during motor
execution.

Overlapping activity of brain regions during MI and
motor execution has also been identified in the PMC [35].
Particularly, the dorsal portion of the PMC (PMCd) has
been shown to be activated in MI [30], and has been
posited as the underlying source of both MI and motor
execution [34]. Though discrepancies have been reported
regarding the role of more ventral portions of the PMC
(PMCv), a 1995 study demonstrated activation of the
PMCv during both MI and motor execution [30]. A 2014
study also confirmed activity in the left PMCv during MI
of upper and lower extremities [36]. Additionally, studies
on primates have shown that both the PMCd and the
PMCv play a key role in the planning, preparation, and
execution of motor actions [37]. Despite the overlap,
regions of the PMC have been specifically implicated in
processes likely related to MI. For example, the PMCd has
been linked to impulse control, which is believed to limit
premature motor response initiation and may be a key
element in the divergence between MI and motor
execution [38, 39]. Further, in a study on motor
imagination in amputees, PMCd activation appeared more
rostral in MI than in motor execution, suggesting that
certain neurons of the PMC are related solely to Ml tasks
[40].

Frontal cognitive regions have also been examined in
neuroimaging studies of MI that ultimately indicated

various roles of prefrontal areas. Though prefrontal
activity is typically considered in relation to cognitive
processes [41], both the ventral prefrontal cortex and the
anterior cingulate cortex have been associated with the
inhibitory control of movement during the preparation
stage of motor control [39, 42]. Additionally, several
studies have employed functional magnetic resonance
imaging (fMRI) to examine novel roles of prefrontal areas
in M1 tasks related to familiar and unfamiliar objects [43],
imagined force generation [44], and eccentric and
concentric muscle contraction [45]. These, among others,
have confirmed the role of prefrontal areas in MI tasks.
As it relates to stroke, prefrontal lesions have been shown
to impact the vividness of MI [26]; however, the
relationship between prefrontal cortex and MI should be
further explored in stroke patients, in order to isolate the
specific effects of prefrontal cognitive regions on MI-
related processes.

Primary Motor Cortex

Activation of M1 during MI has historically been more
controversial in the literature than the well established
activation of premotor areas [31], and typically, M1
activation during Ml tasks has been considered minor in
comparison to M1 activation during motor execution [46].
As mentioned previously, Ml is functionally equivalent to
motor preparation, which is typically succeeded by motor
execution. The debate surrounding the significance of M1
to MI training was initially due to the conflicting results
of several studies [7], some of which indicated M1
activation during Ml tasks, and some of which did not.
However, recent examinations have firmly supported the
notion that M1 is activated during MI tasks [28, 47-50],
though the direct role of M1 in facilitating muscle
contraction is less clear. In patients with limited residual
post-stroke motor function, MI activation of M1 may be
beneficial for “relearning” motor patterns disrupted by
stroke [51]. Indeed, Szameitat et al. concluded that due to
its ability to activate M1, MI is the most promising
approach to activating the motor system in hemiparetic
stroke patients (when compared with passive movement
and movement observation).

However, a small study of patients at least eight
months removed from stroke demonstrated that MI does
not appear to significantly activate the ipsilesional M1
(i.e. the stroke-damaged M1), indicating that the role of
MI in directly facilitating motor output is limited [52].
Conversely, in a 2009 fMRI study of well-recovered
stroke patients, Sharma et al. clearly identified M1
activation during an Ml-based finger-thumb opposition
task [50]. Although M1 was active during MI, the motor
system remained disordered, often with bilateral M1 and
PMCd involvement. The group therefore concluded that
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components upstream of M1 might be more effectively
targeted by rehabilitation strategies, particularly in
severely affected patients.

A more recent analysis of hemiplegic stroke patients
examined the functional connectivity between ipsilesional
M1 and the entire brain using resting state fMRI [53]. As
expected, stroke altered functional connectivity and
disrupted motor pathways (as compared to healthy
controls). Though neural reorganization is not the topic of
this review, Zhang et al. demonstrated augmented
functional connectivity between ipsilesional and
contralesional M1 and diminished functional connectivity
between ipsilesional M1 and ipsilesional SMA (shown to
be inhibitory to M1, discussed in Section 3.2) after MI
training in addition to conventional rehabilitation. Despite
the lack of an appropriate control population, the group
uncovered a statistically significant correlation between
functional connectivity changes and Fugl Meyer
Assessment (FMA) score changes after MI training,
suggesting a possible, though preliminary, benefit to MIL.
Clearly, further research is needed to specify the role of
M1 activation in MI training for stroke rehabilitation.

Parietal Cortex

The parietal cortex plays important roles in both sensory
integration [9] and motor execution [54, 55], and evidence
strongly suggests that the parietal cortex substantially
influences MI. Though parietal regions are activated
during both MI and movement execution, a 2000 fMRI
study demonstrated that regions of parietal cortex are
differentially activated during real and imagined hand
movements [35]. In a more recent study, the posterior
parietal cortex (PPC) was revealed to be more active
during imagined movements than during motor execution
[40]. Further, many neuroimaging studies have
established the presence of MI-induced PPC activity, as
well as M1 deficits following PPC damage [7, 56]. Parietal
regions such as the inferior parietal lobule [57], the
supramarginal gyrus [58], and the superior parietal lobule
[59] have also been implicated in MI tasks. Highlighting
the necessity of intact parietal structures for vivid Ml, a
2016 systematic review indicated that subjects with
parietal lobe damage were the most substantially impaired
in their ability to perform MI [27].

MI for Post-Stroke Rehabilitation

Upper Limb Training

Despite a substantial body of literature and knowledge, no
neuroprotective treatments are currently employed to

combat stroke [60]. Thus, we focus on MI as a promising
neurorehabilitation technique for stroke patients,

particularly considering the analogous pre-processing
steps and structural overlap between MI and movement
execution. Recent investigations have focused primarily
on MI in conjunction with other types of therapies for
optimal motor recovery, and most studies regarding MI-
based neurorehabilitation have evaluated its efficacy in
relearning tasks performed with the upper extremities. In
a rehabilitation study of 10 stroke patients, MI was used
in addition to both conventional physiotherapy and either
synchronous (MISAO) or asynchronous action (MIAOO)
observation for four weeks [61]. The study identified
significantly enhanced cortical excitability and motor
recovery of the upper limb in the MISAO group as
compared to the MIAOO group, and concluded that MI in
combination with synchronous action observation may
lead to more effective neurorehabilitation in stroke
patients than MI with asynchronous action observation.
Additionally, Kim et al. employed MlI-based
rehabilitation combined with physical training in stroke
patients, and identified benefits to upper extremity motor
function as measured using the FMA and the Wolf Motor
Function Test [62]. Further, a study of 26 chronic stroke
patients identified a benefit to upper extremity MI when
used in conjunction with modified CIMT [63], and
another investigation utilized MI with physical practice to
enhance hand recovery [64]. Well-summarized in another
review [65], studies by Page et al. indicated that MI
improved function in the impaired upper limb when
combined with conventional physiotherapy [66], task-
oriented training [67], and CIMT [68]. Authors also noted
that these beneficial changes persisted for up to three
months after completion of the rehabilitation regimens.
Moreover, two randomized controlled trials combining an
MI  protocol and conventional physiotherapy
demonstrated an additive benefit to MI training [69, 70],
and a 2014 meta-analysis supported the use of MI for
upper extremity motor rehabilitation after stroke [71].
Taken together, these results seem to indicate a benefit to
MIl-based rehabilitation strategies when used in
conjunction with various conventional therapies, though
an optimal regimen has not yet been described.”
Although MI has become a relatively popular research
topic, studies examining dose-dependence are relatively
scarce. A recent investigation assessed the effectiveness of
MI in 29 chronic stroke patients with mild hemiparesis by
comparing MI session durations of 20, 40, and 60 minutes
[72]. Subjects were administered 30-minute task-specific
rehabilitation sessions 3 days/week for 10 weeks. Directly
after these sessions, randomly selected subjects were
administered audiotaped MI for 20, 40, or 60 minutes,
while control groups were administered sham audiotapes.
MI groups demonstrated reduced impairment of the
affected arm (as measured by the FMA and the Action
Research Arm Test (ARAT)) as compared to control
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groups that did not receive MI training. The experimental
group exposed to MI training for 60 minutes also
exhibited significantly increased FMA scores as
compared to groups exposed to MI sessions of shorter
duration, though no such dose-dependent response was
found for the ARAT. Overall, the authors concluded that
task-oriented therapies were more effective when total MI
practice times were longer.

Despite the promising results presented in the
preceding paragraphs, a randomized controlled trial with
a larger population than prior investigations failed to
uncover a therapeutic benefit to mental practice in patients
within six months of stroke [73]. A 2011 Cochrane
Review concluded that there exists limited evidence to
suggest that MI (termed mental practice (MP) in their
review) used in conjunction with other types of therapies
is valuable for augmenting upper extremity function after
stroke [74]. However, the group did indicate that
“clinicians may consider the use of MP in addition to
treatment currently used to increase upper extremity
function after stroke” as “no evidence of side effects or
harm was noted in the literature.”

Lower Limb Training

The utility of MI for gait relearning has also been studied,
and several randomized controlled trials have supported
the use of MI for gait rehabilitation [75-78]. Additionally,
a 2010 review endorsed the use of MI for retraining
locomotor skills, with the caveat that it may not be
effective in all patients [79]. Much like MI-based upper
extremity studies, recent investigations have focused on
the use of MI in conjunction with other therapeutic
techniques, with the goal of maximizing recovery. An
investigation of 40 hemiparetic, ambulatory stroke
patients examined the effects of MI training on muscle
strength and gait performance [80]. Twenty patients in the
control group underwent task-oriented, lower extremity
training four days/week for 45-60 minutes/day for three
weeks. In addition to the task-oriented training, the
experimental group (n = 20) received 30 minutes of audio-
based, lower extremity training for MI practice per
day. After three weeks, gait speed and four of the six
muscle groups tested were significantly faster and
stronger, respectively, in patients in the experimental
group as compared to the control group. Further, a pilot
study of 20 subacute stroke patients investigated MI in
conjunction with conventional balance training [81]. The
experimental group performed balance training for 20
minutes/day and an additional 10 minutes/day of MI
training for three days/week for four weeks. The control
group received balance training for 30 minutes/day. The
preliminary evidence demonstrates that balance training
along with MI may result in improved functional

outcomes as compared to conventional balance training
alone. Another group assessed the effectiveness of a task-
oriented, circuit class training program (that included MI)
for improving gait parameters in subacute stroke patients
[82]. The study demonstrated that circuit training in
conjunction with MI was more effective than
conventional rehabilitation alone, and better promoted
independent ambulation, walking speed, and endurance,
among other parameters. The encouraging effect of the
Ml-based task-oriented training on gait abilities persisted
over the six weeks of follow-up used in this study.

Conclusions and Future Directions

Clear advantages to MI are that it is an economical,
effective, non-invasive adjuvant to traditional stroke
rehabilitation therapies [65]. It appears to be safe [74], and
could feasibly be performed by patients at home after
some instruction. Additionally, MI can be applied to each
stage of stroke rehabilitation, permitting patients to begin
training earlier, even in states of flaccid paralysis [83]. A
number of experiments have investigated the ability of
post-stroke patients to perform M, yielding conflicting
results. Not surprisingly, studies that have examined the
role of Ml in rehabilitation regimens for stroke patients
have also generated mixed results regarding its efficacy.
Future MI studies therefore, should classify patients based
on specific lesion type and location in order to address the
patient populations for which MI is most effective. Indeed,
the results of a 2016 systematic review indicate that for
patients with lesions to specific neural structures,
including the frontal lobe, parietal lobe, and basal ganglia,
MI may not be an appropriate rehabilitation method [27].
Further, factors including the training effects of MI,
patient selection, stroke stage (acute, subacute, chronic)
and the ideal manner in which to integrate MI with
conventional physiotherapy techniques are critical to
designing appropriate MI trials [84]. MI treatment
protocols, dosage, and timing are also issues that should
be considered in subsequent randomized clinical trials in
order to conclusively identify the effect of MI practice in
stroke rehabilitation.

Acknowledgments

This work was partially supported by the Wayne State
University Neurosurgery Fund, the American Heart
Association Grant-in-Aid (14GRNT20460246), the Merit
Review Award (I01RX-001964-01) from the US
Department of Veterans Affairs Rehabilitation R&D
Service, the National Natural Science Foundation of
China (81501141), and the Beijing NOVA program
(xx2016061).

Aging and Disease ¢ Volume 8, Number 3, June 2017

368



Tong Y., et al

Motor Imagery for Stroke Rehabilitation

References

(1]

(2]

(3]

(4]

(3]

(6]

(7]
(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Jin K, Simpkins JW, Ji X, Leis M, Stambler I (2015). The
Critical Need to Promote Research of Aging and Aging-
related Diseases to Improve Health and Longevity of the
Elderly Population. Aging Dis, 6: 1-5

Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha
MJ, Cushman M, et al. (2016). Heart Disease and Stroke
Statistics-2016 Update: A Report From the American
Heart Association. Circulation, 133: ¢38-60

Schaechter JD (2004). Motor rehabilitation and brain
plasticity after hemiparetic stroke. Prog Neurobiol, 73: 61-
72

Gupta A, Nair S, Schweitzer AD, Kishore S, Johnson CE,
Comunale JP, et al. (2012). Neuroimaging of
cerebrovascular disease in the aging brain. Aging Dis, 3:
414-425

Kwakkel G, Veerbeek JM, van Wegen EE, Wolf SL

(2015). Constraint-induced movement therapy after stroke.

Lancet Neurol, 14: 224-234

Nilsen DM, Gillen G, Gordon AM (2010). Use of mental
practice to improve upper-limb recovery after stroke: a
systematic review. Am J Occup Ther, 64: 695-708
Hanakawa T (2015). Organizing motor imageries.
Neurosci Res,

Jeannerod M, Decety J (1995). Mental motor imagery: a
window into the representational stages of action. Curr
Opin Neurobiol, 5: 727-732

Hetu S, Gregoire M, Saimpont A, Coll MP, Eugene F,
Michon PE, et al. (2013). The neural network of motor
imagery: an ALE meta-analysis. Neurosci Biobehav Rev,
37:930-949

Nakayama Y, Yamagata T, Tanji J, Hoshi E (2008).
Transformation of a virtual action plan into a motor plan
in the premotor cortex. J Neurosci, 28: 10287-10297
Hanakawa T, Dimyan MA, Hallett M (2008). Motor
planning, imagery, and execution in the distributed motor
network: a time-course study with functional MRI. Cereb
Cortex, 18: 2775-2788

Decety J, Jeannerod M (1995). Mentally simulated
movements in virtual reality: does Fitts's law hold in
motor imagery? Behav Brain Res, 72: 127-134

Mangia AL, Pirini M, Simoncini L, Cappello A (2014). A
feasibility study of an improved procedure for using EEG
to detect brain responses to imagery instruction in patients
with disorders of consciousness. PLoS One, 9: €99289
Guillot A, Collet C (2005). Duration of mentally
simulated movement: a review. J Mot Behav, 37: 10-20
Houck BD, Person AL (2014). Cerebellar loops: a review
of the nucleocortical pathway. Cerebellum, 13: 378-385
Ohyama T, Nores WL, Murphy M, Mauk MD (2003).
What the cerebellum computes. Trends Neurosci, 26: 222-
227

[17] Ramnani N (2006). The primate cortico-cerebellar system:

[18]

[19]

anatomy and function. Nat Rev Neurosci, 7: 511-522
Cengiz B, Boran HE (2016). The role of the cerebellum in
motor imagery. Neurosci Lett, 617: 156-159

Battaglia F, Quartarone A, Ghilardi MF, Dattola R,
Bagnato S, Rizzo V, et al. (2006). Unilateral cerebellar

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

stroke disrupts movement preparation and motor imagery.
Clin Neurophysiol, 117: 1009-1016

Gonzalez B, Rodriguez M, Ramirez C, Sabate M (2005).
Disturbance of motor imagery after cerebellar stroke.
Behav Neurosci, 119: 622-626

Anderson WS, Weiss N, Lawson HC, Ohara S, Rowland
L, Lenz FA (2011). Demonstration of motor imagery
movement and phantom movement-related neuronal
activity in human thalamus. Neuroreport, 22: 88-92

Frak V, Cohen H, Pourcher E (2004). A dissociation
between real and simulated movements in Parkinson's
disease. Neuroreport, 15: 1489-1492

Helmich RC, de Lange FP, Bloem BR, Toni I (2007).
Cerebral compensation during motor imagery in
Parkinson's disease. Neuropsychologia, 45: 2201-2215
Heremans E, Feys P, Nieuwboer A, Vercruysse S,
Vandenberghe W, Sharma N, et al. (2011). Motor imagery
ability in patients with early- and mid-stage Parkinson
disease. Neurorehabil Neural Repair, 25: 168-177

Obeso JA, Marin C, Rodriguez-Oroz C, Blesa J, Benitez-
Temino B, Mena-Segovia J, et al. (2008). The basal
ganglia in Parkinson's disease: current concepts and
unexplained observations. Ann Neurol, 64 Suppl 2: S30-
46

Oostra KM, Van Bladel A, Vanhoonacker AC,
Vingerhoets G (2016). Damage to Fronto-Parietal
Networks Impairs Motor Imagery Ability after Stroke: A
Voxel-Based Lesion Symptom Mapping Study. Front
Behav Neurosci, 10: 5

MclInnes K, Friesen C, Boe S (2016). Specific Brain
Lesions Impair Explicit Motor Imagery Ability: A
Systematic Review of the Evidence. Arch Phys Med
Rehabil, 97: 478-489 e471

Wang L, Zhang J, Zhang Y, Yan R, Liu H, Qiu M (2016).
Conditional Granger Causality Analysis of Effective
Connectivity during Motor Imagery and Motor Execution
in Stroke Patients. Biomed Res Int, 2016: 3870863

Hoshi E, Tanji J (2004). Differential roles of neuronal
activity in the supplementary and presupplementary motor
areas: from information retrieval to motor planning and
execution. J Neurophysiol, 92: 3482-3499

Stephan KM, Fink GR, Passingham RE, Silbersweig D,
Ceballos-Baumann AOQO, Frith CD, et al. (1995).
Functional anatomy of the mental representation of upper
extremity movements in healthy subjects. J Neurophysiol,
73:373-386

Munzert J, Lorey B, Zentgraf K (2009). Cognitive motor
processes: the role of motor imagery in the study of motor
representations. Brain Res Rev, 60: 306-326

Di Rienzo F, Guillot A, Daligault S, Delpuech C, Rode G,
Collet C (2014). Motor inhibition during motor imagery:
a MEG study with a quadriplegic patient. Neurocase, 20:
524-539

Kasess CH, Windischberger C, Cunnington R,
Lanzenberger R, Pezawas L, Moser E (2008). The
suppressive influence of SMA on M1 in motor imagery
revealed by fMRI and dynamic causal modeling.
Neuroimage, 40: 828-837

Bajaj S, Butler AJ, Drake D, Dhamala M (2015). Brain
effective connectivity during motor-imagery and

Aging and Disease ¢ Volume 8, Number 3, June 2017

369



Tong Y., et al

Motor Imagery for Stroke Rehabilitation

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

execution following stroke and rehabilitation.
Neuroimage Clin, 8: 572-582

Gerardin E, Sirigu A, Lehericy S, Poline JB, Gaymard B,
Marsault C, et al. (2000). Partially overlapping neural
networks for real and imagined hand movements. Cereb
Cortex, 10: 1093-1104

Mizuguchi N, Nakata H, Kanosue K (2014). Effector-
independent brain activity during motor imagery of the
upper and lower limbs: an fMRI study. Neurosci Lett, 581:
69-74

Hoshi E, Tanji J (2007). Distinctions between dorsal and
ventral premotor areas: anatomical connectivity and
functional properties. Curr Opin Neurobiol, 17: 234-242
Kroeger J, Baumer T, Jonas M, Rothwell JC, Siebner HR,
Munchau A (2010). Charting the excitability of premotor
to motor connections while withholding or initiating a
selected movement. Eur J Neurosci, 32: 1771-1779
Duque J, Labruna L, Verset S, Olivier E, Ivry RB (2012).
Dissociating the role of prefrontal and premotor cortices
in controlling inhibitory mechanisms during motor
preparation. J Neurosci, 32: 806-816

Raffin E, Mattout J, Reilly KT, Giraux P (2012).
Disentangling motor execution from motor imagery with
the phantom limb. Brain, 135: 582-595

Ranganath C, Johnson MK, D'Esposito M (2003).
Prefrontal activity associated with working memory and
episodic long-term memory. Neuropsychologia, 41: 378-
389

Krams M, Rushworth MF, Deiber MP, Frackowiak RS,
Passingham RE (1998). The preparation, execution and
suppression of copied movements in the human brain. Exp
Brain Res, 120: 386-398

van Elk M, Viswanathan S, van Schie HT, Bekkering H,
Grafton ST (2012). Pouring or chilling a bottle of wine:
an fMRI study on the prospective planning of object-
directed actions. Exp Brain Res, 218: 189-200
Mizuguchi N, Nakata H, Kanosue K (2014). Activity of
right premotor-parietal regions dependent upon imagined
force level: an fMRI study. Front Hum Neurosci, 8: 810
Olsson CJ, Hedlund M, Sojka P, Lundstrom R, Lindstrom
B (2012). Increased prefrontal activity and reduced motor
cortex activity during imagined eccentric compared to
concentric muscle actions. Front Hum Neurosci, 6: 255
Caldara R, Deiber MP, Andrey C, Michel CM, Thut G,
Hauert CA (2004). Actual and mental motor preparation
and execution: a spatiotemporal ERP study. Exp Brain
Res, 159: 389-399

Taube W, Mouthon M, Leukel C, Hoogewoud HM,
Annoni JM, Keller M (2015). Brain activity during
observation and motor imagery of different balance tasks:
an fMRI study. Cortex, 64: 102-114

Park CH, Chang WH, Lee M, Kwon GH, Kim L, Kim ST,
etal. (2015). Predicting the performance of motor imagery
in stroke patients: multivariate pattern analysis of
functional MRI data. Neurorehabil Neural Repair, 29:
247-254

Sauvage C, Poirriez S, Manto M, Jissendi P, Habas C
(2011). Reevaluating brain networks activated during
mental imagery of finger movements using probabilistic

Tensorial Independent Component Analysis (TICA).
Brain Imaging Behav, 5: 137-148

[50] Sharma N, Simmons LH, Jones PS, Day DJ, Carpenter TA,

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Pomeroy VM, et al. (2009). Motor imagery after
subcortical stroke: a functional magnetic resonance
imaging study. Stroke, 40: 1315-1324

Szameitat AJ, Shen S, Conforto A, Sterr A (2012).
Cortical activation during executed, imagined, observed,
and passive wrist movements in healthy volunteers and
stroke patients. Neuroimage, 62: 266-280

Stinear CM, Fleming MK, Barber PA, Byblow WD
(2007). Lateralization of motor imagery following stroke.
Clin Neurophysiol, 118: 1794-1801

Zhang Y, Liu H, Wang L, Yang J, Yan R, Zhang J, et al.
(2016). Relationship between functional connectivity and
motor function assessment in stroke patients with
hemiplegia: a resting-state functional MRI study.
Neuroradiology, 58: 503-511

Fogassi L, Luppino G (2005). Motor functions of the
parietal lobe. Curr Opin Neurobiol, 15: 626-631

Wise SP, Boussaoud D, Johnson PB, Caminiti R (1997).
Premotor and parietal cortex: corticocortical connectivity
and combinatorial computations. Annu Rev Neurosci, 20:
25-42

Aflalo T, Kellis S, Klaes C, Lee B, Shi Y, Pejsa K, et al.
(2015). Neurophysiology. Decoding motor imagery from
the posterior parietal cortex of a tetraplegic human.
Science, 348: 906-910

Kraeutner SN, Keeler LT, Boe SG (2016). Motor
imagery-based skill acquisition disrupted following rTMS
of the inferior parietal lobule. Exp Brain Res, 234: 397-
407

Lacourse MG, Orr EL, Cramer SC, Cohen MJ (2005).
Brain activation during execution and motor imagery of
novel and skilled sequential hand movements.
Neuroimage, 27: 505-519

Mizuguchi N, Nakata H, Hayashi T, Sakamoto M,
Muraoka T, Uchida Y, et al. (2013). Brain activity during
motor imagery of an action with an object: a functional
magnetic resonance imaging study. Neurosci Res, 76:
150-155

Hafeez A, Elmadhoun O, Peng C, Ding JY, Geng X,
Guthikonda M, et al. (2014). Reduced Apoptosis by
Ethanol and Its Association with PKC-delta and Akt
Signaling in Ischemic Stroke. Aging Dis, 5: 366-372

Sun Y, Wei W, Luo Z, Gan H, Hu X (2016). Improving
motor imagery practice with synchronous action
observation in stroke patients. Top Stroke Rehabil: 1-9
Kim SS, Lee BH (2015). Motor imagery training
improves upper extremity performance in stroke patients.
J Phys Ther Sci, 27: 2289-2291

Park JH (2015). The effects of modified constraint-
induced therapy combined with mental practice on
patients with chronic stroke. J Phys Ther Sci, 27: 1585-
1588

Liu H, Song LP, Zhang T (2014). Mental practice
combined with physical practice to enhance hand recovery
in stroke patients. Behav Neurol, 2014: 876416

Garcia Carrasco D, Aboitiz Cantalapiedra J (2016).
Effectiveness of motor imagery or mental practice in

Aging and Disease ¢ Volume 8, Number 3, June 2017

370



Tong Y., et al

Motor Imagery for Stroke Rehabilitation

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

functional recovery after stroke: a systematic review.
Neurologia, 31: 43-52

Page SJ, Levine P, Leonard AC (2005). Effects of mental
practice on affected limb use and function in chronic
stroke. Arch Phys Med Rehabil, 86: 399-402

Page SJ, Murray C, Hermann V, Levine P (2011).
Retention of motor changes in chronic stroke survivors
who were administered mental practice. Arch Phys Med
Rehabil, 92: 1741-1745

Page SJ, Levine P, Khoury JC (2009). Modified

constraint-induced therapy combined with mental practice:

thinking through better motor outcomes. Stroke, 40: 551-
554

Liu KP, Chan CC, Wong RS, Kwan IW, Yau CS, Li LS,
et al. (2009). A randomized controlled trial of mental
imagery augment generalization of learning in acute
poststroke patients. Stroke, 40: 2222-2225

Page SJ, Levine P, Leonard A (2007). Mental practice in
chronic stroke: results of a randomized, placebo-
controlled trial. Stroke, 38: 1293-1297

Kho AY, Liu KP, Chung RC (2014). Meta-analysis on the
effect of mental imagery on motor recovery of the
hemiplegic upper extremity function. Aust Occup Ther J,
61:38-48

Page SJ, Dunning K, Hermann V, Leonard A, Levine P
(2011). Longer versus shorter mental practice sessions for
affected upper extremity movement after stroke: a
randomized controlled trial. Clin Rehabil, 25: 627-637
Tetswaart M, Johnston M, Dijkerman HC, Joice S, Scott
CL, MacWalter RS, et al. (2011). Mental practice with
motor imagery in stroke recovery: randomized controlled
trial of efficacy. Brain, 134: 1373-1386
Barclay-Goddard RE, Stevenson TJ, Poluha W, Thalman
L (2011). Mental practice for treating upper extremity
deficits in individuals with hemiparesis after stroke.
Cochrane Database Syst Rev: CD005950

Dickstein R, Deutsch JE, Yoeli Y, Kafri M, Falash F,
Dunsky A, et al. (2013). Effects of integrated motor

[76]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

[84]

imagery practice on gait of individuals with chronic stroke:
a half-crossover randomized study. Arch Phys Med
Rehabil, 94: 2119-2125

Cho HY, Kim JS, Lee GC (2013). Effects of motor
imagery training on balance and gait abilities in post-
stroke patients: a randomized controlled trial. Clin
Rehabil, 27: 675-680

Oostra KM, Oomen A, Vanderstraeten G, Vingerhoets G
(2015). Influence of motor imagery training on gait
rehabilitation in sub-acute stroke: A randomized
controlled trial. J Rehabil Med, 47: 204-209

Kim JH, Lee BH (2013). Action observation training for
functional activities after stroke: a pilot randomized
controlled trial. NeuroRehabilitation, 33: 565-574
Malouin F, Richards CL (2010). Mental practice for
relearning locomotor skills. Phys Ther, 90: 240-251
Kumar VK, Chakrapani M, Kedambadi R (2016). Motor
Imagery Training on Muscle Strength and Gait
Performance in Ambulant Stroke Subjects-A Randomized
Clinical Trial. J Clin Diagn Res, 10: YC01-04

Bae YH, Ko Y, Ha H, Ahn SY, Lee W, Lee SM (2015).
An efficacy study on improving balance and gait in
subacute stroke patients by balance training with
additional motor imagery: a pilot study. J Phys Ther Sci,
27:3245-3248

Verma R, Arya KN, Garg RK, Singh T (2011). Task-
oriented circuit class training program with motor imagery
for gait rehabilitation in poststroke patients: a randomized
controlled trial. Top Stroke Rehabil, 18 Suppl 1: 620-632
Zimmermann-Schlatter A, Schuster C, Puhan MA,
Siekierka E, Steurer J (2008). Efficacy of motor imagery
in post-stroke rehabilitation: a systematic review. J
Neuroeng Rehabil, 5: 8

Malouin F, Jackson PL, Richards CL (2013). Towards the
integration of mental practice in rehabilitation programs.
A critical review. Front Hum Neurosci, 7: 576

Aging and Disease ¢ Volume 8, Number 3, June 2017

371



