REVIEWS

Modern Rehabilitation Technologies
of Patients with- Motor Disorders
at an Early Rehabilitation of Stroke (Review)

DOI:10.17691/stm2022.14.6.07
Received August 8, 2022

Deputy Director of the Rehabilitation Institute, University Clinic;

K.M. Kuryatnikova, 5-Year Student, Faculty of General Medicine;

A.N. Belova, MD, DSc, Professor, Head of the Department of Medical Rehabilitation;
P.S. Popova, 5-Year Student, Faculty of General Medicine;

S.E. Khrulev, MD, DSc, Director of the Rehabilitation Institute, University Clinic

© A.E. Khrulev, MD, PhD, Associate Professor, Department of Nervous Diseases,

Privolzhsky Research Medical University, 10/1 Minin and Pozharsky Square, Nizhny Novgorod,
603005, Russia

Cerebral stroke is one of the leading disability causes among adult population worldwide. The number of post-stroke patients, who
need rehabilitation including motor recovery, keeps growing annually. Standard motor rehabilitation techniques have a limited effect on
recovering extremity motor defunctionalization. In this regard, in recent years, new technologies of post-stroke rehabilitation are being
suggested. The present review summarizes the existing literature data on current techniques applied in patients with motor disorders at
an early rehabilitation period of cerebral stroke. The current modern technologies are divided into the methods based on “interhemispheric
inhibition” theory (repetitive transcranial magnetic stimulation, transcranial direct current stimulation), and on “mirror neurons” theory (virtual
reality systems and brain—computer interfaces). The authors present the neurophysiological causes and feasible protocols of using the
techniques in clinical practice, the clinical research findings due to the initial severity level of motor disorders and stroke age, as well as
the factors contributing to the motor rehabilitation efficiency when using these methods.

Key words: cerebral stroke; motor disorders; rehabilitation; non-invasive brain stimulation; repetitive transcranial magnetic stimulation;
transcranial direct current stimulation; virtual reality; brain-computer interface.

How to cite: Khrulev A.E., Kuryatnikova K.M., Belova A.N., Popova P.S., Khrulev S.E. Modern rehabilitation technologies of patients
with motor disorders at an early rehabilitation of stroke (review). Sovremennye tehnologii v medicine 2022; 14(6): 64, https://doi.org/10.17691/
stm2022.14.6.07

This is an open access article under the CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

Introduction into clinical practice novel rehabilitation techniques to

recover impaired motor functions.

Over the period of 1990-2019, the number of
annually recorded stroke cases has increased by 70%,
amounting to 12.2 million patients per year [1]. Currently,
stroke is the third, in order of importance, disability
cause in adult population worldwide [1, 2]. The increase
in the number of patients requiring neurorehabilitation
calls for a medical community to develop and introduce

One of the paramount tasks of post-stroke rehabilitation
is extremity motor function restoration. At least in 50%
of patients after stroke, the disability results from motor
deficit of upper and/or lower extremities [3, 4]. Post-stroke
upper extremity motor disorders are considered more
clinically significant and more difficult to recover compared
to lower extremity motor deficit [5-8]. That is exactly why
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the most of the existing clinical studies are likely to focus
on motor rehabilitation of patients with upper extremity
motor disorders.

For effective neurorehabilitation, the most important
is the understanding of interneuronal interactions,
as well as neurophysiological aspects of brain tissue
damage and repair. The rehabilitation activity of
impaired functions due to stroke is known to alter over
time [4, 9]. In literature, there are the reports on natural
neuroplasticity being particularly marked during the
first 3—6 months of stroke [10, 11]. Therefore, the study
of using high-tech techniques at an early rehabilitation
period (subacute phase of stroke) seems to be a crucial
task in modern neurorehabilitation [7, 10].

The usage principles of modern technologies
aimed at motor recovery are based on two main
neurophysiological  theories: 1) interhemispheric
inhibition (IHI) theory and 2) mirror neurons (MNSs)
theory. In particular, repetitive transcranial magnetic
stimulation and transcranial direct current stimulation
are conventionally referred to motor rehabilitation
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methods based on interhemispheric inhibition theory.
Training techniques in virtual reality and brain—computer
interfaces are used to activate the so-called mirror
neuron network.

The aim of the present review was to summarize and
study the relevant information on modern technologies
currently applied in patients with motor disorders at an
early rehabilitation period of cerebral stroke.

Literature search was conducted in Scopus and Web
of Science databases, in the PubMed search system in
MEDLINE and PubMed Central, on the Springer Link
publisher platform, in BioMed Central, Free Medical
Journals, SSRN, and Google Scholar by key words:
stroke rehabilitation, motor disorders, non-invasive brain
stimulation, repetitive transcranial magnetic stimulation,
transcranial direct current stimulation, virtual reality,
brain—computer interface.

High-tech motor rehabilitation methods, which can
be used in an early post-stroke rehabilitation period, are
summarized and represented in the Figure. Further in
the text, they are given in detail.

MODERN MOTOR REHABILITATION METHODS
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Modern rehabilitation technologies of patients with motor disorders and the efficiency of their usage in an early

rehabilitation period of cerebral stroke:

[[] — the use of the method in clinical studies demonstrates significant efficiency in motor functions rehabilitation of patients

compared to standard motor rehabilitation or placebo-control;

[[] — the use of the method demonstrates no advantages in recovering patients’ motor functions compared to standard motor

rehabilitation or placebo-control
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High-tech methods
based on interhemispheric inhibition theory

In the norm, firing neurons of one brain hemisphere
are believed to have an inhibitory effect on the neurons of
the contralateral hemisphere providing interhemispheric
balance and balanced neurophysiological processes.
Meanwhile, according to the studies using functional
magnetic resonance imaging (fMRI) and diagnostic
transcranial magnetic stimulation (TMS), the decrease in
the number of functioning neurons in the stroke-affected
hemisphere can lead to disequilibrium towards the intact
hemisphere and the formation of an excessive inhibitory
levels of the affected brain cortex. Moreover, the
intensity of interhemispheric asymmetry hyperactivation
of primary motor cortex of the intact hemisphere
directly correlates with motor deficit severity [12-14]
and is considered to be a factor preventing from natural
recovery of impaired motor functions [15].

In order to correct interhemispheric asymmetry and
improve the rehabilitation efficiency of post-stroke
patients with motor deficit, the availability of using in
clinical practice some non-invasive methods for brain
stimulation is being discussed. Particularly, as adjuvant
means of neurorehabilitation, the following techniques
are suggested: repetitive transcranial magnetic
stimulation (rTMS) and transcranial direct current
stimulation (tDCS) [16].

It should be mentioned that currently there is
no consensus on the presence of pathological
hyperexcitability of the contralateral motor cortex and its
negative effect on functional outcomes of patients with
post-stroke disorders. Thus, most clinical researches
sustain the theory of interhemispheric inhibition [17-19].
However, Xu et al. [20] when using diagnostic TMS
recorded the absence of pathological interhemispheric
inhibition in an acute and early rehabilitation periods
of cerebral stroke, and its occurrence with motor
functions improving at a late rehabilitation period.
Therefore, the issue on the necessity of using rTMS
and tDCS in an early rehabilitation period in order to
correct interhemispheric asymmetry remains open.
Moreover, the usage efficiency of these neuromodulation
techniques in motor post-stroke rehabilitation is not
thoroughly studied, which requires further researches.

Repetitive transcranial magnetic stimulation

Transcranial magnetic stimulation is a method applied
to deliver electrical pulses via skin to brain tissues using
a magnetic field. TMS can be used both diagnostically
and therapeutically [21]. Diagnostic TMS mode is single
electrical pulsing; it enables to assess the integrity and
functioning of motor path of the nervous system. rTMS is
used for therapy and motor neurorehabilitation.

Repetitive transcranial stimulation consists in a
continuous series of electrical pulses in brain tissue
using a variable magnetic field [15, 22]. Currently,
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two main rTMS modes are used: high-frequency and
low-frequency. The excitability of cerebral neurons is
recognised to increase in high-frequency stimulation
(3-10 Hz), while in low-frequency (1 Hz) the effect is the
opposite [23].

So far, there have been developed several rTMS
protocols, which have different neuromodulating effects.
Low-frequency rTMS (LF-rTMS) of the contralateral
hemisphere and high-frequency rTMS (HF-rTMS) of the
ipsilateral hemisphere are referred to simple protocols.
Other rTMS protocols are being suggested now as well.
They are expected to be more effective to correct motor
disorders at an early post-stroke recovery period.

Simple rTMS protocols. Low-frequency rTMS
of the contralateral hemisphere is one of the
main and most common rTMS protocols used in motor
post-stroke rehabilitation [23]. The method consists in
the effect the magnetic field has on the intact cerebral
hemisphere to weaken its excessive inhibitory influence.
LF-rTMS efficiency and the instance of activation
decrease of the contralateral hemisphere when exposed
to LF-rTMS were proved in a number of clinical studies
using different functional diagnostic techniques:
electroencephalography (EEG) [24], fMRI [14], and
diagnostic TMS [25].

Most studies [19, 26, 27] report the data on the
presence or absence of only mild superiority of
the stimulation protocol compared to a placebo group
concerning motor function improvement of impaired
upper and lower extremities in an early rehabilitation
period after stroke (Table 1).

When using high-frequency rTMS of the
ipsilateral hemisphere, the electrodes are applied
above M1 area of the ipsilateral cerebral hemisphere.
HF-rTMS is considered to act to raise excitability of the
remaining neurons of the stroke-affected hemisphere,
and it results in the motor cortex reorganization and
accelerated recovery rate of lost motor functions. The
efficiency of HF-rTMS of the ipsilateral hemisphere
has been proved by the studies using fMRI [14]
and diagnostic TMS [14, 28]. Generally, there were
demonstrated the best functional outcomes for both
upper and lower extremities compared to a placebo
group [7, 29, 30] (see Table 1).

In addition, according to Du et al. [14], the comparison
of the protocols of LF-rTMS of the contralateral
hemisphere and HF-rTMS of the ipsilteral hemisphere
demonstrated the efficiency of both modes in recovering
motor function of an upper extremity. However, more
marked motor improvements were found when using
high-frequency stimulation of the affected hemisphere.

Other rTMS protocols. A combined protocol of
combined usage of LF- and HF-rTMS can be
referred to the relatively new rTMS modes. Particularly,
Long et al. [31] compared the efficiency of this protocol
(group 1) with the use of LF-rTMS of the contralateral
hemisphere (group 2) and placebo simulation (group 3)
at an early rehabilitation period after stroke. The authors
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Efficiency of low-frequency and high-frequency repetitive transcranial magnetic stimulation depending
on initial severity of motor disorders and cerebral stroke age

Reference Protocols
Kimetal., Group 1 — LF-rTMS,
2020 [26] 1 Hz — 100%,

1800 impulses,

10 sessions (5 per

week); group 2 —

placebo
Luk et al., Group 1 — LF-rTMS,
2022 [19] 1 Hz — 90%,

1200 impulses,

10 sessions (5 per

week); group 2 —

placebo
Huang etal., Group 1 — LF-rTMS,
2018 [27] 1 Hz — 120%,

900 impulses,

15 sessions

(5 per week);

group 2 — placebo
Guanetal, Group 1 — HF-rTMS,
2017 [29] 5Hz — 120%,

1000 impulses,

10 sessions (dalily);

group 2 — placebo
Haghighi Group 1 — HF-rTMS,
etal, 20 Hz — 90%,
2021 [7] 2000 impulses,

Stroke type
and the number
of patients

Post-stroke time:
mean value/range

Initial severity
of motor disorders

IS (n=77) 2 weeks/up

to 3 months

Moderate upper
extremity function
abnormality

(on average,

40.7 points according
to FMA-UE scale)

Mild and moderate
function abnormality
of the upper extremity
(on average,

47.8 points according
to FMA-UE scale)

IS (n=23) —/1-6 months

HS (n=1)

IS (n=25)
HS (n=13)

Moderate disorders

of the lower extremity
functions (on average,
12.9 points according
to FMA-LE scale)

1 month/
10-90 days

High-frequency rTMS of the ipsilateral hemisphere

IS (n=42) 1 week/1-14 days Moderate function
impairments of upper
and lower extremities
(on average, the score
was 39.2 according
to FMA-UE scale
and 24.9 according
to FMA-LE scale)

IS/HS
(n=20)

Moderate function
impairments
of the upper extremity

3 months/up
to 6 months

Motor Rehabilitation at an Early Rehabilitation Period of Stroke

Level

Results of evidence

Low-frequency rTMS of the contralateral hemisphere (upper extremity)

Clinically significant improvement
of upper extremity motor functions
according to BBT, FMA-UE scales
were found in both groups.

No significant differences were
revealed between the groups
immediately after the therapy

and a month later (p=0.267)

Clinically significant improvement
of upper extremity motor functions
according to FMA-UE, ARAT,

and BBT scales were found

in both groups. In group 1, there
were more marked improvement
compared to group 2 according

to FMA-UE (p=0.004), ARAT
(p=0.002), and BBT (p=0.005)
scale findings

1b (A)

1b (A)

Low-frequency rTMS of the contralateral hemisphere (lower extremity)

Clinically significant improvement
of lower extremity motor functions
according to TUG, FMA-LE,

and Bl scales were found in both
groups. There were found no
clinically significant differences
between the groups according

to TUG, FMA-LE, Bl scales data
(p>0.05)

1b (A)

Clinically significant improvement ~ 1b (A)
of upper and lower extremity motor
functions according to NIHSS,

Bl, FMA-UE, FMA-LE scales

data were found in both groups.
Group 1 was found to have

more pronounced improvement
according to NIHSS (p=0.032),

Bl (p=0.047), FMA-UE (p=0.037)
scales compared to group 2
immediately after therapy

and a month after therapy.
According to FMA-LE scale data,
there were no differences found
between the groups (p=0.952).

3, 6, and 12 months after therapy,
the differences between

the groups were found only
according to FMA-UE scale

Clinically significant improvement
of upper extremity motor functions
according to FMA-UE, BBT scales,

1b (A)
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End of the Table 1

Sl Post-stroke time: Initial severit Level
Reference Protocols and the pumber mean value/range  of motor disordirs ) of evidence
of patients
10 sessions (the score: 22— pinch strength was observed
(3 per week); 44 points according in both groups. In group 1,
group 2 — placebo to FMA-UE scale) there was more expressed
improvement compared
to group 2 according to BBT
scale (p=0.003) and grip strength
(p=0.007). The comparison
of the groups showed
the tendency for improving motor
functions in group 1 according
to FMA-UE (p=0.063) and pinch
strength (p=0.353)
Here: LF/HF-rTMS — low-/high-frequency repetitive transcranial magnetic stimulation; IS — ischemic stroke; HS —

hemorrhagic stroke; FMA-UE — The Fugl-Meyer Assessment Upper Extremity; FMA-LE — The Fugl-Meyer Assessment
Lower Extremity; BBT — Box and Block Test; ARAT — Action Research Arm Test; TUG — Timed Up and Go Test; Bl —
Barthel Index for activities of daily living; NIHSS — National Institutes of Health Stroke Scale.

showed that clinically significant improvement of motor
functions was observed in all three groups immediately
after therapy and after 3 months after the therapy. The
best results were found in group 1.

High-frequency rTMS of the contralateral
hemisphere. In most cases in post-stroke patients who
has an extensive damage of one hemisphere, the use of
the above-described rTMS protocols in motor post-stroke
rehabilitation failed to be effective. The researchers
explain the fact as follows: in a gross unilateral cerebral
lesion, interhemispheric inhibition becomes weak, and
the number of neurons in ipsilateral hemisphere is not
enough to compensate the lost motor functions [32,
33]. Using cerebral fMRI, it has been shown that in the
intact (which is contralateral to the lesion) hemisphere,
compensatory neuronal connections form promoting the
functional recovery of the lost motor functions [32, 34]. In
this regard, the patients with a gross unilateral cerebral
cortex and marked motor impairments were suggested
to undergo HF-rTMS (M1 area of the intact hemisphere)
in order to additionally activate the contralateral
hemisphere reorganization. rTMS protocol efficiency has
drawn its confirmation in clinical researches. Thus, Wang
et al. [35] registered clinically significant improvement in
patients, who underwent HF-rTMS of the contralateral
hemisphere, while the patients with LF-rTMS or placebo
simulation showed no positive functional outcomes after
stroke.

Theta burst stimulation (TBS) refers to the
latest neuromodulation protocols based on repetitive
TMS. The method consists in the following: a series
of electrical stimuli “packets” are delivered to cerebral
tissues. The “packets” are repeated every 200 ms (5 Hz
frequency) and consist of three impulses given at 20 ms
intervals (50 Hz frequency) [36]. It is expected that this
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stimulation technique can cause the more long-lasting
neuroplastic effects compared to other non-invasive
brain stimulation techniques [37].

There are three TMS modes suggested: continuous
(cTBS), intermittent (iTBS), and intermediate (imTBS)
[36, 38]. Continuous TBS is considered to cause
the decrease in cortical excitability due to synaptic
transmission inhibition. Intermittent TBS, on the contrary,
facilitates neurotransmission and induces excitatory
effects [36]. Both modes (continuous and intermittent)
find their application in clinical researches [39-43].
When using intermediate TBS, there can be reached
the balance between inhibition effects and synaptic
transmission facilitation, and there is observed no effect
on cortex excitability [36]. Therefore, currently, the mode
is not used in motor post-stroke rehabilitation.

Generally, there is insufficient evidence of TBS
efficiency in motor post-stroke rehabilitation. Not
numerous studies carried out so far have demonstrated
a positive effect of TBS on neuroplasticity in an acute
and early rehabilitation period of cerebral stroke [39, 40,
42, 43].

Transcranial direct current stimulation

Transcranial electrical stimulation is another
common technique of non-invasive brain stimulation
used in order to correct interhemispheric asymmetry
and improve the rehabilitation efficiency of post-stroke
patients with motor disorders. The data has been given
on the availability of using the method in three main
modes: transcranial direct current stimulation (tDCS),
transcranial alternating current stimulation (tACS), and
transcranial random noise stimulation (tRNS) [44, 45].
tDCS has obtained the widest circulation in post-stroke
rehabilitation. Two other modes (tACS and tRNS) are
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Efficiency of transcranial direct current stimulation depending on initial severity of motor disorders

and cerebral stroke age

Stroke type
and the number
of patients

IS (n=24)

Reference Protocols

time

Chang et al.,
2015 [48]

Group 1 — anodal tDCS
of the ipsilateral
hemisphere, 2 mA,

10 min, 10 sessions

(5 per week); group 2 —
placebo

Klomjai et al.,
2018 [51]

Group 1 — bihemi-spheric
tDCS (anodal ipsilateral
and cathodal contralateral
hemisphere), 2 mA,

20 min, 2 sessions

(no more than 1 per
week); group 2 — placebo

IS (n=19) Upto6

months

Boasquevisque
etal., 2021
(50]

Group 1 — cathodal
tDCS of the contralateral
hemisphere, 1 mA,

20 min, 6 sessions

(3 per week); group 2 —
placebo

IS (n=30) 3 days—

Post-stroke

7-30 days

6 weeks

Initial severi Level
of motor disor(t!);rs i of evidence
Mild impairments Group 1 demonstrated more 1b (A)
of lower extremity marked improvement compared
function (the ability to group 2 according to FMA-LE
to walk without support)  and MI-LE scales. According
to FAC and BBS scales, there
were no differences between
the groups
Mild impairments Group 1 demonstrated more 1b (A)
of lower extremity marked improvement compared
function (the ability to group 2 according to FTSTS.
to walk without support  According to TUG, there were
at least 3 m) no differences between
the groups
Mild, moderate, and There were found no clinically 1b (A)

severe dysfunctions
of the upper extremity
(8.0-56.8 points
according to FMA-UE
scale)

significant differences between
the groups according

to FMA-UE, MAL, NIHSS, mRS,
and Bl scales

H e r e: tDCS — transcranial direct current stimulation; IS — ischemic stroke; FMA-UE — The Fugl-Meyer Assessment Upper
Extremity; FMA-LE — The Fugl-Meyer Assessment Lower Extremity; MI-LE — Lower Extremity Motricity Index; FAC —
Functional Ambulatory Category; BBS — Berg Balance Scale; FTSTS — Five-Times-Sit-To-Stand Test; TUG — Timed Up
and Go Test; MAL — Motor Activity Log; NIHSS — National Institutes of Health Stroke Scale; mRS — modified Rankin Scale;

Bl — Barthel Index for activities of daily living.

underinvestigated so far, and they are not used in
clinical practice.

IntDCS, there is weak continuous current supply (1.0—
2.5 mA) to cerebral tissues using two electrodes [46].
Currently, there have been used two main tDCS modes:
anodal and cathodal. Anodal stimulation causes the
depolarization of neuronal membranes and, therefore,
the increase in cortical excitability, while under cathodal
tDCS the hyperpolarization is created, and the effect
is the opposite [44, 46]. The fact that transmembrane
difference of potentials shift under anodal and cathodal
tDCS was proved by the research by Nitsche et al. [47]
using sodium and calcium channel blocker.

The last publications have reported the data
on using three possible tDCS protocols in motor
post-stroke rehabilitation: anodal stimulation of M1
ipsilateral hemisphere [48, 49], cathodal stimulation of
M1 contralateral hemisphere [50], and bihemispheric
stimulation of M1 combining the above-mentioned
protocols [51]. Neurophysiological bases of the
presumed mechanisms of rehabilitation effect of each
of the mentioned tDCS protocols are similar to those we
considered before for rTMS.

It should be noted that currently there are a few

Motor Rehabilitation at an Early Rehabilitation Period of Stroke

works devoted to the efficiency of tDCS used to
contribute to motor neurorehabilitation of post-stroke
patients at an early rehabilitation period; the studies do
not demonstrate the advantages of the technique over
placebo simulation [50-56] (Table 2). However, recent
meta-analyses and a systematic review have reported
that the best motor outcomes under tDCS were found
in patients, whose rehabilitation had started 6 months
after stroke development [57-60]. Therefore, it is most
appropriate to use tDCS in a late rehabilitation period
(chronic stroke patients).

Factors influencing motor rehabilitation
efficiency when using non-invasive brain
stimulation techniques

The literature concerned with motor post-stroke
rehabilitation gives contradictory information on a present
or absent positive effect when using various non-invasive
brain stimulation methods. The ambiguousness of the
findings is most likely due to the difference of study
designs. On the one hand, the differences can be related
to the use of heterogeneous technical characteristics of
stimulation and the dependence of a rehabilitation effect
on functional state of cerebral neurons; on the other

CTM | 2022 [ vol. 14 | No.6 69



REVIEWS

hand — to the criteria required to involve patients in
studies, and patients’ individual characteristics.

The technical characteristics are the following:
stimulation frequency, intensity, and duration [61], spool
orientation, as well as the number of sessions and their
ratio [62].

Both technical characteristics and current functional
state of neuronal excitability can determine the
presence or absence of neuroplasticity induction in
non-invasive stimulation. Postsynaptic depolarization
level taken in conjunction with exposure time and
the dependence of an expected rehabilitation
effect on non-invasive stimulation phase is defined
as  ‘“phase-dependent transcranial  stimulation”
[63]. Phase-dependent transcranial  stimulation
presupposes pulse delivery to brain tissues according
to a certain phase of ECG sensorimotor rhythm. One
of the reflections of functional condition of sensorimotor
cortical neurons on ECG is p-rhythm [64]. p-oscillations
are of asymmetric form, the positive phase area is
larger than that of a negative one and associated with
the state of low neuronal excitability [64, 65]. When
studying electrophysiological peculiarities of higher
nervous activity of healthy humans, Baur et al. [65]
showed that against the background of accidental
stimulation (regardless of the functional state of
neuronal excitability and the stimulation phase) M1
and the use of LF-rTMS at the moment of low neuronal
excitability (positive p-rhythm peak on ECG) there
occurred inhibiting neurophysiological effects. On
the contrary, under LF-rTMS at the moment of high
neuronal excitability (negative p-rhythm peak on
ECG) there was observed the tendency to form M1
excitation effects. Thus, the authors conclude that
when performing non-invasive cerebral stimulation,
to control neuroplasticity induction and effective
neurorehabilitation, it is necessary to take into
consideration the oscillatory phases of cerebral rhythm
and the time period of pulse delivery.

The inclusion criteria for patients, as well as patients’
individual characteristics that are likely to influence the
motor post-stroke neurorehabilitation efficiency, include
initial severity of dysfunction, the extensiveness and
localization of cerebral lesion, non-invasive stimulation
promptness, the presence or absence of recorded
hemispheric asymmetry [9, 19, 20, 26, 30, 57, 66].

So far, there is no agreement about the necessity
and feasibility on using non-invasive brain stimulation
in different clinical situations, as well as an optimal
choice of the recommended parameters, protocols, and
technical characteristics of rTMS and tDCS depending
on patients’ individual peculiarities.

High-tech methods based
on “mirror neurons” theory

Currently, the basic neurophysiological theory
explaining the mechanisms of virtual reality systems

70 CTM [ 2022 [ vol. 14 [ No.6

and brain—computer interface is related to the activation
of mirror neuron network. The contemporary literature
considers three types of mirror neurons: motor,
communicative, and emotional [67-69]. It is assumed
that the system of “motor” mirror neurons includes
a functional group of cells found in different cerebral
structures and coordinating the accomplishment of motor
and sensor tasks [69]. Among these structures, there are
M1, a complementary motor area, dorsal and ventral
premotor cortex areas, inferior frontal gyrus, inferior and
superior parietal lobules, interparietal sulcus, primary
somatosensory cortex, precuneus [67, 70]. Motor mirror
neurons demonstrate their electrophysiological activity
both when performing or imagining movements and
when keeping watching over the task being carried out
[28, 69-71]. It is expected that stimulation methods
aimed at activating motor mirror neuron network can
have a positive effect on neuroplasticity and promote
better recovery of motor functions of post-stroke patients’
extremities.

Virtual reality systems

Virtual reality (VR) systems are based on computer
technologies stimulating real environment and providing
a user or a patient with a sensation of presence in the
reality [72]. A positive effect of VR systems in motor
post-stroke neurorehabilitation is considered to be
due to the mirror neuron network activation when a
patient keeps watching over virtual avatar movements.
Moreover, higher activity of using VR systems compared
to standard motor rehabilitation can be related to
providing and maintaining a high motivation level and
patients’ involvement [5, 73].

The fact of neuronal reorganization and neuroplasticity
against the background of using VR systems is
confirmed by fMRI findings. There has been studied
the effect of VR systems on the functional activity of
sensorimotor area for both upper and lower extremities.
It should be noted that when using VR technologies
for upper extremities, there has been recorded the
displacement of sensorimotor cortex functional activity
from ipsilateral or bilateral to contralateral area [5]. In
contrast, the use of VR technologies for lower extremities
contributed to bilateral activation of sensorimotor cortex
[74]. To a lesser degree, similar functional changes of
sensorimotor cortex activity were found when using
standard motor rehabilitation in post-stroke patients [27,
75, 76].

It is important to emphasize that most investigations
devoted to VR technologies in motor neurorehabilitation
were carried out on patients in a late recovery or residual
stroke periods [62, 77]. However, the use of VR systems
in an early rehabilitation period of stroke demonstrated
comparatively better results [62].

VR systems used in motor post-stroke rehabilitation
are divided into nonspecific (entertaining videogames)
and specific (created exclusively for neurorehabilitation)
[78-89] (Table 3).
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Table 3

Efficiency of nonspecific and specific virtual reality systems depending on initial severity of motor disorders

and cerebral stroke age
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Initial severity
of motor disorders

Mild and moderate
dysfunctions

Stroke type .
Reference Protocols and the number ;g:tn-svt;?:;rt;r:eé
of patients g
Nonspecific VR systems (upper extremity)
Saposnik Group 1 — VR system IS (n=141) —/up to 3 months
etal, 2016  based on Wii (Nintendo);
[81] group 2 — usual board

games (cards, bingo),
60 min, 10 sessions

(5 per week)
Kimetal,  Group 1 — VR system IS (n=16) 3 weeks/up
2018 [84] based on Xbox Kinect HS (n=7) to 3 months

(Microsoft); group 2 —
placebo, 30 min,
10 sessions (5 per week)

of the upper extremity
(26.1-68.0 s — total
time according

to WMFT scale)

Mild and moderate
dysfunctions

of the upper extremity
(38 points according
to FMA-UE scale)

Nonspecific VR systems (lower extremity)

Cano-Mafias  Group 1 — VR system IS (n=32) 6 weeks/
etal, 2020 based on Xbox Kinect HS (n=16) 1-6 months
[80] (Microsoft), 20 min,

24 sessions (3 per week);
group 2 — standard motor
rehabilitation

Moderate disorders
of lower extremity
function (FAC >1):
patients are able

to maintain steady
body position without
exterior support

Specific VR systems (upper extremity)

Brunner Group 1 — VR system IS (n=95) 3 months/—
etal,, 2017  based on YouGrabber HS (n=25)
(86] (gloves); group 2 —

standard motor rehabilitation,
60 min, 20 sessions

(5 per week)
Wang etal., Group 1 — VR system IS (n=15) —/1-6 months
2017 [9] based on Leap Motion; HS (n=11)

group 2 — standard motor
rehabilitation, 45 min,
20 sessions (5 per week)

Kiper etal.,  Group 1 — VR system IS (n=78) 3-4 months/
2018 [89] with extended biological HS (n=58) up to 1 year
feedback (RFVE); group 2 —
standard motor rehabilitation,
60 min, 20 sessions
(5 per week)

Motor Rehabilitation at an Early Rehabilitation Period of Stroke

Mild, moderate,
and severe
dysfunctions

of the upper
extremity

Mild and moderate
dysfunctions

of the upper
extremity

Moderate disorders
of the upper extremity
function (the average
score was 40.6
according to FMA-UE
scale)

Results

There were found

no clinically significant
differences between

the groups according

to WMFT, BBT, Bl scales

There were found

no clinically significant
differences between
the groups according
to FMA-UE scale
(p=0.937)

Group 1 demonstrated
more marked improvement
compared to group 2
according to mRS (p<0.01),
Bl (p=0.05), POMA (p=0.02),
FRT (p<0.01), TUG (p=0.05)

There were found

no clinically significant
differences between

the groups in upper extremity
function improvement
immediately after therapy
(p=0.714) and 3 months after
therapy (p=0.777) according
to ARAT, BBT, FIM scales
Clinically significant
improvement of upper
extremity motor function
according to WMFT scale
(p<0.01) were found

in both groups. Group 1

had more marked
improvement compared

to group 2 (p<0.01)
Clinically significant
improvement of upper
extremity motor function
according to FMA-UE, FIM,
NIHSS, ESAS scales

were found in both groups.
Group 1 had more marked
improvement compared

to group 2 according

to FMA-UE (p<0.001), FIM
(p<0.001), NIHSS (p<0.014),
ESAS (p<0.022) scales

Level

of evidence

1b (A)

1b (A)

Ib (A)

Ib (A)
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End of the Table 3

Stroke type . " .
Post-stroke time: Initial severity Level
I i iz pumber mean valuefrange  of motor disorders e of evidence
of patients
Specific VR systems (lower extremity)

de Roojj Group 1 — VR system IS (n=44) —/2 weeks— Mild and moderate  There were found b (A)
etal, 2021 based on Gait (GRAIL); HS (n=8) 6 months disorders (FAC 23)  no clinically significant
[87] group 2 — standard motor differences between

rehabilitation, 30 min,
12 sessions (2 per week)

the groups

in the improvement

of lower extremity function
according to USER-P scale
(p=0.22), walking indices,
dynamic balance, etc.

H e r e: VR system — virtual reality system; IS — ischemic stroke; HS — hemorrhagic stroke; WMFT — Wolf Motor Function
Test; FMA-UE — The Fugl-Meyer Assessment Upper Extremity; FAC — Functional Ambulatory Category; BBT — Box and
Block Test; Bl — Barthel Index for activities of daily living; mRS — modified Rankin Scale; POMA — Tinetti Performance
Oriented Mobility Assessment; FRT — Functional Reach Test; TUG — Timed Up and Go Test; ARAT — Action Research Arm
Test; FIM — Functional Independence Measure; NIHSS — National Institutes of Health Stroke Scale; ESAS — Edmonton
Symptom Assessment System; USER-P — Utrecht Scale for Evaluation of Rehabilitation-Participation.

Nonspecific virtual reality systems. Nonspecific
VR systems used in motor post-stroke rehabilitation
are such commercial gaming systems as Wii
(Nintendo, Japan) [79], Xbox Kinect (Microsoft, USA)
[80], PlayStation EyeToy (Sony Group Corporation,
Japan) [80]. The comparison of their effectiveness
with standard motor rehabilitation or usual entertaining
games (playing cards, bingo, etc.) showed no significant
differences between these rehabilitation techniques in
the dynamics of restoring motor functions and motor
outcomes [81-84] (see Table 3). The obtained results
are consistent with the meta-analysis by Maier et al.
[78] published in 2019. The authors concluded the use
of nonspecific VR systems to have no significant effect
on motor function recovery. Therefore, it is reasonable
to use them only outside healthcare facility, at home, in
order to increase total rehabilitation time and maintain
the motivation.

Specific virtual reality systems. Currently, there
is a large number of specific VR systems developed
intentionally for motor rehabilitation of stroke patients.
Among them, there are non-immersive (those not
providing complete immersion of a patient in virtual
environment) and immersive (VR programmes realized
with the help of virtual vision glasses). Specific VR
systems use different movement sensors, which in
their turn are divided into wearable and non-wearable.
Wearable sensors are fixed to the patient’s body (e.g.,
gloves or exoskeleton), while non-wearable are located
in the rehabilitation room [85].

It is necessary to emphasize that currently there is
a variety of different specific VR systems. However, it
does not seem possible to assess their efficiency in full.
There were some large randomized clinical studies with
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high level of evidence, which recorded no differences
between specific VR systems and standard motor
rehabilitation [86, 87]. In addition, most researches
concerned with the study of clinical efficacy of such
systems have demonstrated significant dominance and
better functional outcomes compared to standard motor
rehabilitation [5, 62, 88—91] (see Table 3).

Factors  influencing  motor  rehabilitation
efficiency when using virtual reality technologies.
VR systems, specific in particular, are considered
promising for motor functions recovery in post-stroke
patients. Conflicting data on the presence or absence
of a positive effect can be due to two groups of
causes: firstly, different characteristics of VR system:
the presence or absence of biological feedback
and its intensity [62, 89]; the presence or absence
of multisensory stimulation (visual, auditory, tactile)
[62]; the presence or absence of increasing over time
complexity of assigned motor tasks [80], etc. Secondly,
the factors, which can have an effect on VR systems
efficiency in motor post-stroke rehabilitation involve the
differences in the composition of treatment programs:
their promptness, intensity, the number of repetitions,
training ratio in virtual reality, and different orientation
degree when accomplishing a certain motor task. In
particular, Cano-Mafias et al. [80] consider that VR
program of motor rehabilitation in an early rehabilitation
period of brain stroke should include 3 or more sessions
per week, at least within a month, each session lasting
not less than 30 min.

Thus, if there are certain characteristics of specific VR
systems and literate arrangement of treatment programs
using virtual reality technologies, the present modern
technique of post-stroke motor rehabilitation is able to
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have a significant effect on patients’ motor functions
recovery compared to standard motor rehabilitation.

Brain—-computer interfaces

Brain—computer interface (BCI) is a system, which
enables a user to operate an external device (a robot,
exoskeleton, virtual reality) in case of any changes
in neuron excitability and imagining the performed
movement [92]. BCI use is based on neuropsychological
practice with motor patterns. The method presupposes
the movement modelling (mental motor trainings)
based on prior experience, without any self-contained
movements in space. Imagination, as well as the
movement itself, activates the network of motor mirror
neurons located in brain structures and responsible for
motor action formation [70, 71] that is manifested in
changing sensorimotor rhythms and can be recorded
by ECG [93] or other invasive and non-invasive
neurophysiological techniques [94, 95].

At the first stage of using BCI to form a mental motor
image, there is the activation of motor areas in brain,
and it is received by a BCI detector. At next stage, there
occurs the virtual avatar motion, or the simulation of the
imaginary motion of the proper extremity is launched by
means of exoskeleton or functional electrostimulation
[94, 96—-100]. Thus, when using BCI a patient has visual
contact or proprioceptive feedback resulting in closing

REVIEWS

the reflex arch of a classical motor action realized due
to proper safe efferent and afferent paths [97, 98].
Moreover, it is thought that in using BCI it is possible
to recover motor functions by means of activating
alternative intact neural networks [94]. Thus, Wu et al.
[97] studied brain functional activity in patients in an early
rehabilitation period of cerebral stroke before and after
neurorehabilitation using BCI. After therapy with fMRI,
the authors recorded marked increase in the activity
of inter- and intra-hemispheric interactions between
different motor cortex areas. Moreover, functional
changes were found in sensorimotor, visuospatial, visual
areas, and primary auditory cortex, and according to the
researchers, it can be related to technical peculiarities of
the applied techniques.

It should be noted that currently, there are no large
clinical studies with a long-term follow-up period, studying
the BCI efficiency in an early stroke rehabilitation period.
The participants of most pilot studies were patients in a
late stroke rehabilitation period [94, 101]. This was due to
the fact that BCI used in earlier periods is considered less
safe on account of relative instability and less endurance
of post-stroke patients [102]. Meanwhile, few studies
devoted to BCI efficiency assessment in patients in an
early stroke rehabilitation period demonstrated some
advantage of BCI over standard motor rehabilitation [93,
97, 103] (Table 4).

Table 4
Efficiency of brain-computer interfaces depending on initial severity of motor disorders and cerebral stroke age
Stroke type . " .
Post-stroke time: Initial severity Level
I AL iz pumber mean value/range  of motor disorders i of evidence
of patients
Brain-computer interface (upper extremity)
Wuetal, Group 1— BCl using IS (n=19) 2 months/ Severe disorders Clinically significant improvement ~ 1b (A)
2020 [97]  exoskeleton, 60 min, HS (n=6) 1-6 months  of upper extremity of upper extremity motor function
20 sessions functions (on average,  according to FMA-UE, ARAT,
(5 per week); 18.43 points according  WMFT scales were found
group 2 — standard to FMA-UE scale) in both groups (p<0.05).
motor rehabilitation Group 1 had more marked
improvement by all indices
compared to group 2 (p<0.05)
Brain-computer interface (lower extremity)
Zhao etal.,, Group 1 — BCl using IS (n=14) 1 month/2 weeks— Severe disorders Clinically significant 1b (A)
2022 [103] virtual reality and a robot ~ HS (n=14) 3 months of lower extremity improvement of lower extremity

set; group 2 — placebo,
30 min, 24 sessions
(6 per week)

functions (on average,  motor function according
10.3 points according to to FMA-LE, FAC, LOTCA scales
FMA-LE scale; 60.4%  was found in both groups.
patients — FAC=0) Group 1 had more marked
improvement compared
to group 2 according to LOTCA
scale alone (p=0.049)

H e r e: BCI — brain—computer interface; IS — ischemic stroke; HS — hemorrhagic stroke; FMA-UE — The Fugl-Meyer
Assessment Upper Extremity; FMA-LE — The Fugl-Meyer Assessment Lower Extremity; FAC — Functional Ambulatory
Category; ARAT — Action Research Arm Test; WMFT — Wolf Motor Function Test; LOTCA — Loewenstein Occupational
Therapy Cognitive Assessment.
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In general, BCI use in motor post-stroke rehabilitation
has a high potential.

Conclusion

Modern technologies available for application in

motor neurorehabilitation can be divided into the
methods based on ‘“interhemispheric inhibition”
(repetitive transcranial magnetic stimulation,

transcranial direct current stimulation) and those based
on “mirror neurons” theory (virtual reality systems
and brain—computer interfaces). Currently, high-tech
methods used in an early rehabilitation period of
cerebral stroke and able to increase the recovery
effectiveness of lost extremity motor functions involve
most of protocols of repetitive transcranial magnetic
stimulation, the use of specific virtual reality systems
and brain—-computer interfaces. Generally, there are
underinvestigated questions of applicability of different
modern technologies and the selection of optimal
protocols of their usage in the rehabilitation of patients
with motor disorders in an early rehabilitation period of
cerebral stroke; therefore, additional clinical studies in
this field are required.
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