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The physiological mechanisms underlying the process of motor imagery have significant similarities with
the mechanisms of motor control, and this can be used for the rehabilitation of patients with movement
disorders. In patients with severe paresis, motor imagery may be the only method producing movement
recovery. Over the last decade, this has led to increasing interest in studies of the function of motor
imagery. Brain—computer interface technologies can be used monitor training with imaginary movements.
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Motor imagery is a cognitive-perceptive process and is
the mental performance of movements not accompanied by
any kind of peripheral (muscular) activity. Visual and kines-
thetic forms of motor imagery are discriminated. In the for-
mer, a person produces a visual image of their own move-
ment, seeing it as though it was a third person’s. In the lat-
ter case, subjects generate the kinesthetic sensation of
movement. In recent years, studies of the function of motor
imagery have involved paying special attention to a number
of assumptions. Firstly, imaginary movements have been
shown to be linked to conscious activation of areas of the
brain which are also involved in the preparation and execu-
tion of the movement [28, 39]. This can be used in the neu-
rorehabilitation of patients with profound post-stroke pare-
ses, as existing methods of motor training, based on active
use of the paralyzed limb, are inappropriate for this catego-
ry of patients. This type of training can also be used in
patients with mild motor impairments for training to better
movement planning and greater accuracy of execution [57].
Secondly, kinesthetic motor imagery is the most common
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paradigm for the use of noninvasive brain—computer inter-
faces [1, 40], so studies of the physiological bases of this
process may facilitate its further development. Finally, this
nervous system function has as yet received little study, so
fundamental neurophysiological studies using contempo-
rary neuroimaging methods will allow deeper understand-
ing of the physiology of the motor nervous system and the
mechanisms of neuroplasticity.

This review assesses studies mainly addressing kines-
thetic motor imagery and the potential for using it for motor
rehabilitation.

Anatomical-Physiological Bases. Many studies of
healthy subjects have shown that imaginary movements
produce activation of those brain structures which are acti-
vated on performed of voluntary movements. However, the
degree of CNS activation is generally weaker in imaginary
movements than on movement execution, and the final
afferent command is missing or suppressed. The structures
involved in imaginary movements are the premotor and
accessory motor zones (Brodmann field 6), the parietal cor-
tex and cingulate gyrus, the basal ganglia, and the cerebel-
lum [17, 38, 53]. These brain structures are known to have
a role in the planning and monitoring of movement execu-
tion. These studies also demonstrated activation of the pri-
mary motor cortex (Brodmann field 4). At the same time,
other analogous studies have not identified activation of this
area during imaginary movements [13, 25, 44]. In this
regard, many authors believe that activation of the primary
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motor zone is obligatory for imaginary movements. This
cortical area is primarily involved in movement execution,
which does not occur in motor imagery. The same study,
reported by Sirigu et al, showed that a patient with a stroke
focus in the primary motor cortex was able to imagine
movements just like healthy people [56].

Furthermore, imaginary movements of different parts
of the body (legs, arms, tongue) are accompanied by activa-
tion of the cerebral cortex, this being somatotopic in nature,
which has been confirmed by results from studies using func-
tional magnetic resonance tomography (fMRI) [12, 19, 60].

These data are consistent with previous studies in
which transcranial magnetic stimulation (TMS) was used
to study the effects of motor imagery on the excitability of
the corticospinal tract. A UK group studied changes in the
amplitude of motor evoked potentials induced by transcra-
nial magnetic stimulation of the left motor cortex during
imaginary movements. The amplitude of evoked electro-
myographic responses from the flexor muscles was greater
during the period when the participant imagined flexion of
the wrist than when extension was imagined, as well as in
the opposite situation, when the amplitude of signals from
the extensor muscles was greater during imagination of
extension [26]. It was also demonstrated that during motor
imagery, the excitability of the corticospinal tract was mod-
ulated by the same temporal and spatial characteristics as
during the actual movements. Later studies reported by
Stinear in 2006 yielded analogous results. These studies
showed that kinesthetic, but not visual imagination of
movement could modulate the excitability of motor struc-
tures at the supraspinal level [59].

In addition, results of TMS studies performed in
Fadiga’s laboratory provided grounds for suggesting later-
alization of the function of motor imagery, with dominance
of the left hemisphere [20]. This study involved magnetic
stimulation of the right and left motor cortex with simulta-
neous recording of evoked potentials from the hand muscles
during imagination of flexion and extension of the wrist.
Magnetic stimulation of the left motor cortex increased the
excitability of the corticospinal tract during imagination of
both the right and left hands, while on stimulation of the
right motor cortex this effect was only seen during imagi-
nation of left hand movements.

How does motor imagery modulate the excitability of
the corticospinal tract? According to Abbruzzese et al.,
modulation occurs as a result of significant levels of sup-
pression of inhibitory processes at the cortical level [2].
Having demonstrated experimentally that motor imagery
does not affect the H reflex, Hashimoto also suggested that
changes in the excitability of the motor tract have a cortical
origin [26].

Although most studies in this area are oriented to
imaginary movements of the hands (fingers) or tongue, it is
important to note that activation of the corresponding corti-
cal representation areas also occurs during imagination of
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large movements. Malouin et al. reported activation of the
primary motor cortex and zones adjacent to the accessory
motor cortex during the imagining of locomotor move-
ments, as demonstrated in studies using positron emission
tomography (PET) [34].

Completion of movements and imagination of move-
ments also have common electroencephalographic signs:
modulation of the sensorimotor rhythm, or mu rhythm. This
rhythm, in the frequency ranges 7-13 Hz (mu-alpha) and
14-26 Hz (mu-beta), is recorded over the primary areas of
the somatosensory and motor areas of the cortex at rest.
During movement performance, preparation for movement,
and imagination of movements, there are reductions in
(desynchronization of) the sensorimotor rhythm in the cor-
tical representation areas of the motor executive organ.
Increases in the mu rhythm, i.e., event-linked synchroniza-
tion, are seen after movements and during relaxation [47].
It has long been believed that the mu rhythm can only be
recorded in a small proportion of the population (only 15%
of cases), though studies in recent years using new EEG
processing methods have shown that the mu rhythm can be
recorded in virtually all humans [33]. Movement execution
and movement demonstration in stroke patients has also
been shown mainly to involve mu rhythm components for
both the healthy hand and the paralyzed hand [37].

There are also similarities in behavior between imag-
ining a movement and executing it. Movement imagination
and execution are known to be virtually identical in dura-
tion. This phenomenon has been termed “mental isochro-
nism.” The time take for mental rotation of the hand is sim-
ilar to the time taken for execution the analogous real hand
movement [43]. Decety et al. followed the cardiac rhythm
and respiratory frequency in subjects imagining and execut-
ing foot movements. Both real movements and imaginary
movements were accompanied by increases in heart rate
and respiratory rate [16].

A number of studies have compared patterns of brain
activation in post-stroke patients as they executed or imag-
ined movements. Studies using TMS have demonstrated
increases in cortical representation areas in both hemi-
spheres and in muscle response strength during motor
imagery in patients with mild-moderate post-stroke hemi-
paresis in the subacute period (average two months after
stroke). Thus, the authors concluded that motor imagery
produced significant increases in cortical arousal even on
the side of the hemisphere with the stroke focus [11].
Studies reported by Sharma’s group [54] included 20
patients with good recovery of motor function after subcor-
tical stroke and 17 healthy subjects as controls. During
training sessions, subjects were shown or executed abduc-
tion of the thumb. fMRI was used to study activation of the
primary motor cortex (Brodmann field 4), and the dorsal
premotor and accessory motor cortex (Brodmann field 6).
As a result, the pattern of brain activation during execution
of the movement with the impaired hand was no different
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from that in the control group. However, during imagination
of the movement, the pattern of activation of the lesioned
hemisphere had a number of features: 1) in contrast to the
control group and the intact hemisphere, activation of the
primary motor and dorsal premotor cortex during motor
imagery was no weaker than during movement execution;
2) the level of activation of the primary motor cortex on the
lesioned side correlated positively with the level of move-
ment recovery. The authors came to the conclusion that the
motor system in patients with good recovery of motor func-
tion after stroke is activated on presentation of movements,
despite the focal damage. However, disorganization of this
activation was found to correlate with the extent of motor
impairment [54].

Assessment of the Ability to Imagine Movements.
However, the following questions remained open: 1) are there
differences in the ability to imagine movements in healthy
people? 2) To what extent is this function impaired when
there is damage to the nervous system? 3) Can the ability to
imagine be assessed?

Despite data supporting the view that motor imagery is
preserved after stroke, the intensity of the feeling and the
temporal link can be impaired — so-called chaotic motor
imagery [53]. A relationship has been demonstrated between
the intensity of motor imagery and the level of familiarity
with the movement and the level of retention of working
memory [17]. The ability to imagine movements can now
be assessed using special questionnaire scales.

The Movement Imagery Questionnaire (MIQ) and
Vividness of Motor Imagery Questionnaire (VMIQ) scales
are based on questions addressing the ease with which par-
ticular movements of the upper and lower limbs can be imag-
ined on 7- and 5-point scales respectively. Before assess-
ment of each movement, subjects were asked to perform the
movement. Motor imagery was assessed twice, once for
visual imagination of movement execution (subjects were
asked to “see” themselves performing the movement in
their minds) and once for kinesthetic imagery (subjects
were asked feel how their bodies executed the movement).
The stability of MIQ test results from trial to trial was 87%.
Data have been obtained supporting a direct relationship
between points scores on the MIQ and the rate of acquisi-
tion of motor skills. The stability of VMIQ test results was
76%:; correlations between the visual and kinesthetic sub-
scales of the VMIQ and the same subscales on the MIQ
were 0.65 and 0.49, respectively [4, 9, 23, 49].

While the MIQ and VMIQ were compiled for healthy
subjects, the newer KVIQ (kinesthetic and visual imagery
questionnaire) scale was developed to assess the ability of
patients with post-stroke pareses to imagine [35], the KVIQ
uses a five-point scale for assessment of the clarity of
imagery (visual: the V subscale) and intensity (kinesthetic:
the K subscale) of first-person sensations. The questionnaire
lists simple movements such as tapping with the foot and
bending the arms at the elbow, which can be executed more
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easily than the tasks in the MIQ and VMIQ. Stability of the
results from test to test was demonstrated for healthy people
(coefficient of intraclass correlation [ICC] = 0.72-0.81) and
for people with post-stroke paresis (ICC = 0.81-0.90). This
questionnaire confirmed the capacity for visual and kines-
thetic motor imagery in stroke patients, patients with ampu-
tations or immobilization of the lower limbs, blind people,
and healthy subjects of the control group.

Some authors have suggested use of the mental rota-
tion method to assess the ability to imagine movements
[14, 52]. The essence of this method is that the subject has
to identify whether an image presented is of a left hand or a
right hand. A sequence of images of hands in different posi-
tions is presented and the subject is asked to rotate them
mentally to obtain the answer. The number of errors and the
task performance time are measured.

As it is possible to learn motor imagery, at least in
healthy people, resulting in increases in points scores on the
VMIQ [24], the initial scores on these scales should not be
used to guide inclusion of patients in rehabilitation pro-
grams based on motor imagery.

Motor Training Based on Motor Imagery. The liter-
ature contains data supporting the possibility of learning
motor skills using motor imagery training in healthy people,
producing not only higher-quality performance of motor
tasks after training, but also neural rearrangement of corti-
cal structures. In one of the first studies, subjects either
imagined or completed a set of movements with the five fin-
gers of one hand in a defined sequence on piano keys for
two hours a day for five days [45]. The investigators used
TMS to map the cerebral cortex. These studies showed that
both imagination of and physical training to finger move-
ment produced similar reorganization in the brain. Similar
results have been obtained in a number of further studies
[17,27, 31, 32, 51]. Apart from plastic changes to the cere-
bral cortex, some studies have demonstrated reorganization
in the cerebellum as a result of both physical exercise and
training to imagine movements [27, 29].

Positive results have been obtained with the use of
motor imagery in sportsmen, with improvements in mea-
sures of muscle strength and the speed and accuracy of task
performance, as well as the level of acquisition of the new
motor skill [5, 6, 62, 63].

The use of muscle training methods based on motor
imagery in rehabilitation began in the late 1980s and early
1990s [15, 21, 61]. The development of neuroimaging meth-
ods such as fMRI, PET, and TMS and the use of these meth-
ods to identify the neural substrates for the motor imagery
function has led in the last decade to studies of the efficacy
of motor imagery methods in patients with neuromuscular
diseases, especially post-stroke hemiparesis [17, 55].

Detailed descriptions of studies using motor imagery
training for post-stroke rehabilitation and their results have
been described in three reviews [7, 53, 64]. The data pre-
sented in these reviews indicate that most studies have used
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TABLE 1. Characteristics of Studies Addressing Methods of Motor Imagery in Stroke Patients

Reference Type Details of patients Treatment method ResulFs
of study evaluation
n = 46, primary ischemic Study group: 15 h of standard rehabilitation (5 times a week, 60 min) +
[30] RC stroke, duration of illness 15 motor imagery procedures (5 times a week, 60 min). FMS
14 months, Reference group: 15 h of standard rehabilitation (5 times a week, 60 min) +
FIM motor score = 42 demonstration of exercise followed by training (5 times a week, 60 min).
n = 20, duration of stroke . . ..
s | C 2 months, GS 68%. | g ol imaghntion: 3 without ot e NHPT, GS
Barthel 95.5 group: 1) Vi & : geny:
Study group: 12 standard rehabilitation procedures (twice a week, 0.5 h) +
42] RC n = 11, duration of stroke 12 motor imagery procedures (twice a week, 0.5 h). ARAT
23 months, ARAT = 33.1 Reference group: 12 standard rehabilitation procedures (twice a week, 0.5 h)
followed by relaxation methods (0.5 h).
Study group: 12 standard rehabilitation procedures (twice a week, 0.5 h) +
n = 32, duration of stroke 12 motor imagery procedures (twice a week, 0.5 h).

41 RP . e . ARAT, FM
[41] ¢ 43 months, moderate paresis | Reference group: 12 standard rehabilitation procedures (twice a week, 0.5 h) S
followed by relaxation methods (0.5 h).

Study group 1: 6 sessions (45 min each) of physiotherapy including motor
imagery procedures.
n =39, duration of stroke | Study group 2: 6 sessions (30 min each) of physiotherapy followed by Movement
[50] RC . . .
42 months motor imagery for 15 min. time, FIM
Reference group: 6 sessions (30 min each) of physiotherapy followed by
listening to a training audio for 15 min.

Notes. C = controlled trial; RC = randomized controlled trial; RPC = randomized, placebo-controlled trial; NHPT = nine-hole peg test; GS = grip strength;
Barthel = Barthel’s index; ARAT = action research arm test; FMS = Fugl-Mayer scale; FIM = functional independence measure.

imagination only of one or another familiar movement.
Patients were trained under the investigators’ observation
[30, 42] or at home [18]. Motor imagery training was often
combined with traditional and/or non-traditional rehabilita-
tive therapy or physiotherapy (PT). The frequency of train-
ing ranged from three days a week [41] to five days a week
[30], sessions lasting 30—60 min, for periods of 2-6 weeks.
Efficacy was generally assessed using the Fugl-Meyer or
ARAT scales. The scale of these studies varied from descrip-
tions of clinical cases [22] to a randomized, controlled trial
involving 46 subjects [41]. The general characteristics of the
main studies focused on methods of imagining hand move-
ments in post-stroke rehabilitation are presented in Table 1.

It is important to note that most investigations covered
in the reviews have shown that motor imagery improves
rehabilitation of the upper limbs in stroke patients [7, 53].
Motor improvements are stable after a three-month obser-
vation period [58], and this is not restricted to the move-
ments presented during the training period [30].

Although the designs of these studies were different,
motor imagery training produced significantly greater reha-
bilitation of motor functions than obtained in controls, as
evidenced by improvements in values on the Fugl-Meyer
and ARAT scales, the Motricity index, and others. Nonethe-
less, it is difficult to produce general conclusions because of
the heterogeneity of groups of patients, rehabilitation pro-
gram methods, and approaches to evaluating the restoration
of motor functions.

Motor Imagery and Brain—-Computer Interfaces.
Brain activity associated with motor imagery can be used in
brain—computer interfaces (BCI). BCI are invasive or non-
invasive technologies allowing various neurophysiological
signals to be transformed into commands for an external
apparatus or computer. This technology has been under
active development in recent years for use in the rehabilita-
tion of patients with neurological diseases [1, 55]. Inter-
faces of this type can provide a system for interactions
with the surrounding world for patients with locked-in syn-
drome. Interfaces allow patients with motor disorders to
control robotic prostheses, wheelchairs, and other devices
(so-called assistance interfaces). By monitoring the process
of motor imagery, interfaces with feedback can promote the
correct reorganization of the motor cortex after lesioning
(“rehabilitative interfaces”).

Sensorimotor thythms are among the best studies of
EEG signals used for the non-invasive control by BCI [40].
The discovery of phenomena such as event-linked rhythm
desynchronization and synchronization (motor activity,
movement planning and execution), provided grounds for
developing BCI controlled by sensorimotor rhythms [46].
There are several reports as to why the mu and beta rhythms
have the greatest potential for use in BCI. Firstly, these
rhythms are associated with brain areas with the most direct
connections to the motor outputs. Secondly, desynchroniza-
tion of the mu rhythm does not required real movements,
but only their imaginary counterparts. Thus, the natural type
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of mental activity which can be recognized by BCI systems
is the representation of any of the executive organs. Thirdly,
presentation of movements of different organs creates dif-
ferent representations of activity on the cortical surface and,
thus, different spatial EEG patterns, easing the task of the
interface classifier [36]. Modulation of the sensorimotor
rhythm can be used to control the movement of a cursor in
one, two, or three directions, and to control the functional
electrostimulation of the arm muscles, arm prostheses,
accessory devices, and wheelchairs [55].

With the aim of verifying the potential use of rehabili-
tation programs including physical training and training
using an rehabilitative BCI, an Irish group performed a
study involving five patients with post-stroke paresis [48].
Patients underwent 12 30-min training sessions with BCI
two days a week for six weeks (in combination with ses-
sions of physical training of similar duration). The task con-
sisted of imagining clenching the fist, with visual presenta-
tion of feedback consisting of movement of an object on a
screen. The efficacy of biological feedback using BCI was
assessed in terms of the accuracy of classification. Rehabi-
litation of upper limb function was assessed using a set of
output parameters, including points scores on the ARAT
scale and grip strength, with regular evaluation of tiredness
and mood. All patients showed improvements in at least one
of the output parameters considered. The authors concluded
that the use of BCI for motor imagery provides a suitable
method for use in post-stroke rehabilitation protocols com-
bining physical exercise and training to motor imagery with
BCI control.

Results from a study combining training to control
BCI with targeted physiotherapy in a post-stroke patient
were also reported [8]. A 67-year-old patient with hemi-
paresis following subcortical hemorrhage received three
blocks of training using BCI combined with physical train-
ing for 12 months. Before training, the patient had no active
finger movements, at home was dependent on assistance
from others, and was able to travel no more than half a mile
using a wheelchair. Each rehabilitation block consisted of
daily training sessions for 30 days using an interface based
on recording the sensorimotor rhythm (SMR). The first
block used 275 megnetoencephalographic (MEG) tests and
the second and third blocks recorded EEG signals. Targeted
physiotherapy continued for 12 months. During the study,
hand motor function and gait were tested repeatedly (using
the Fugl-Mayer (FMA), Wolf Motor Function Test (WMFT),
and the Ashworth scale), as was the organization of brain
motor structures using neuroimaging methods. At one year,
measures on the FMA, WMFT, and Ashworth scale were an
average of 46.6% better. The patient could already unclench
the paralyzed hand and move distances of more than half a
mile independently. Analysis of the spectral amplitudes of
MEG data reflecting cerebral cortex activity demonstrated
significantly more marked SMR desynchronization in the
lesioned hemisphere during presentation of a movement
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and its execution. Neuroplastic changes were evaluated
clinically by multimodal neuroimaging based on fMRI and
a diffusion tensor imaging method [10]. Analysis of the
psychophysiological interaction showed that premotor cor-
tex activity correlated with activity in the primary and sec-
ondary sensorimotor areas on the lesioned side. Results
from studies of the spinal cord suggested that the anterior
fibers of the corticospinal tract, arising in the anterior part
of the primary motor cortex (M1) or the premotor cortex,
may play a role in this clinical improvement. An increase
in activity was seen in the dorsal premotor area and acces-
sory motor areas on the lesioned side at the ends of sequen-
tial blocks of treatment. On the basis of these results, the
authors suggested that training with BCI based on record-
ing of the SMR combined with targeted physiotherapy
could induce useful neuroplastic changes in the areas adja-
cent to the lesioned area, which may promote recovery of
motor functions.

Another study involved patients in the subacute and
chronic periods of stroke (1-35 months after stroke) with
predominantly subcortical brain lesions (80%) who received
rehabilitation either with a robotic apparatus (n = 10) or
BCI (n = 8) as 12 sessions over four weeks [3]. The robotic
apparatus was attached to the hands of patients of group 1
(MIT-Manus). Participants were encouraged to move the
paretic arm to a visual target displayed on a screen in front
of them. If the patient was unable to perform the movement
independently, the robot provided assistance, actively guid-
ing the patient’s arm to the target. In the BCI group, move-
ments were performed, but only if desynchronization of the
sensorimotor rhythm could be seen over the lesioned hemi-
sphere during the experiment. Both groups were evaluated
clinically using the FMA scale before and after training.
Before training, measures on the FMA ranged from 4 to 61
points (mean 29.7 = 17.7). The BCI group showed more
marked improvement, and results two months after treat-
ment were better than those in the group receiving rehabil-
itation with the robotic apparatus.

Conclusions. Thus, there are scientific grounds for
introducing motor imagery training into the rehabilitation
of patients with motor disorders. Thus, numerous studies
have demonstrated that the brain areas responsible for
motor execution and the imagination of movements over-
lap. In addition, execution of movements and the imagina-
tion of movements have common electroencephalographic
signs: modulation of the sensorimotor rthythm or mu rhythm.
During motor imagery training, presentation of feedback
plays an enormous role which can now be fulfilled using
EEG-based brain—computer interface techniques. Further
assessment of the potential role of BCI technologies in the
rehabilitation of patients with neurological diseases requires
study of the anatomical and functional bases for the suc-
cessful control of BCI and the mechanisms underlying clin-
ical improvements. Further development of BCI systems
based on motor imagery should be addressed with consider-
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ation of deeper investigation of the neurophysiological prop-
erties and characteristics of the “behavior” of the correspond-
ing zones of the brain. This will lead to significant increases
in the range of control commands. New, simpler sensory
EEG-recording technologies convenient for patients also
need to be developed, for example using wireless electrodes.

This work was supported by the Russian Foundation
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