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ABSTRACT

Multi-channel functional electrostimulation (MFES) represents a promising method for the rehabilitation
of post-stroke patients, aimed at restoring the walking function in various periods after an acute
cerebrovascular event. The review systematizes the modern concepts of using the MFES in patients with
the consequences of cerebral stroke, analyzing the technical parameters of stimulation, the methodical
approaches to conducting the procedures and the clinical efficiency of the method. The analysis of
literature data demonstrates significant variability of MFES protocols: the stimulation frequency varies
from 20 to 100 Hz, the duration of the procedure ranges from 15 to 60 minutes, the treatment course
can last from 3 to 30 weeks. The main targets of stimulation are the four groups of muscles in the lower
limbs — the anterior tibial muscle, the plantar flexors, the quadriceps muscle of thigh and the group of
muscles on the posterior surface of thigh. The synchronization of stimulation with the walking cycle is
conducted predominantly by means of contact sensors, accelerometers and electromyographic signals;
modern developments include the inertial systems and the machine learning algorithms. The review
presents a combined analysis of the technical aspects of MFES from the point of view of staging of motor
learning and individualization of the stimulation parameters. Special attention was paid to the integration of
MFES with the robotic devices, including the exoskeletons, which represents a new trend in rehabilitation.
Along with the absence of the unified criteria for choosing the stimulation parameters, it is worth noting
that there is a necessity of differentiated approach depending on the type of motor disorders, on the
duration of the disease and on the cognitive capabilities of the patient. The analysis presented justifies the
necessity of developing personalized MFES protocols and arranging a large-scale research for optimizing
the stimulation parameters in the rehabilitation of post-stroke patients.
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BACKGROUND

Currently, one of the main objectives of early
rehabilitation among the patients after an acute
cerebrovascular event (CVA) is restoring the functions
of walking without assistance [1, 2].

It is known that, already at the early stage after
the CVA, hemiparesis typically develops, which is
associated with gait abnormalities caused by the
developing asymmetry both in the spatial and the
timing parameters of the step cycle, which significantly
restricts the ability of unassisted walking, also affecting
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the balance control, leading to the increased risk of
falling [3, 4].

According to the data from the research on the
biomechanics of walking, the gait parameters in
patients with a past episode of stroke show typical
impairment patterns of this function [5-8]. The
patients after a cerebral stroke have lower walking
speed with their gait being asymmetrical by many
parameters, the stance phase on the paretic side is
significantly shorter than the one on the contralateral
side. Significantly less is the amplitude of motions in
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AHHOTALINA

MHorokaHasnbHasi yHKUmoHabHas anekTpoctumynsums (M®3C) npegcrasaseT cobov rnepcrekTvB-
HbII METOL peabunautaumm nOCTUHCY/IbTHbIX OOJIbHbIX, HarpaB/eHHbII Ha BOCCTaHOBIEHNE (DYHKUMN
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K MPOBEAEHWIO MPOLERYP Y KIMHNYECKYIO 3¢(h(heKTUBHOCTb MeTofa. AHaInN3 nTepaTypHbIX aHHbIX Oe-
MOHCTPUPYET 3HAYUTENIbHYIO BapnabesibHOCTb poToKo10B M®SOC: yacToTa CTUMYSUmMn BapbupyeT OT
20 8o 100 Iy, gavtensHOCTb npoueayp cocTasaseT oT 15 4o 60 MUHYT, KypC JIeYeHUS MOXKET NpoaoIKaThb-
cs1 ot 3 o 30 Hegesnb. OCHOBHbIMU MULLIEHSIMM BO3[ENCTBUS SIB/SIOTCS YEThIPE rPYIrbl MbILLL HUXKHUX
KOHEYHOCTel — repefHsisi 6osbLuebepLjoBas MbiLLLa, NOAOLLUBEHHbIE crubaTesin, YeTblpéxriaBasi MbiLL-
La 6egpa v rpynna MbillL 3agHer noBepxHOCT 6egpa. CUHXPOHU3aUMsT CTUMYJISILMNA C UNK/IOM XO4b0bl
OCYLECTB/ISAETCS MPENMYLLECTBEHHO MOCPELCTBOM KOHTaKTHbIX 4aT4/KOB, akCe/1eEPOMETPOB U 3/IEKTPO-
MuUorpagpuyeCcKnx CUrHaaoB; COBPEMEHHbIE Pa3paboTKN BKIOYAKT MHEPLMATIbHBIE CUCTEMbI HaBUraymy
M anropuTMbl MaLLMHHOIO 0byYeHus. B 063ope npeacTaBieH KOMIMIEKCHbBIN aHain3 TEXHUHECKUX acrek-
T0B M®3C € nosuymii aTarnHOCTY ABUratesibHoOro 00yYeHvsi u HANBUAYanM3auymmy napameTpoB CTUMYJISI-
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KpuTepues Bbi6opa napameTpoB CTUMY/ISILMA C/IERYET OTMETUTL HEOOX0AMMOCTL AN HepPEHLMPOBaHHO-
ro nogxoga B 3aBWCUMOCTY OT Tura ABUratesibHbIX HapyLLUeHu, nepuoga 3aboneBaHnsi N KOrHUTUBHbIX
BO3MOXKHOCTeN nauyveHTa. lpeacraBieHHbii aHaim3 060CHOBbLIBAET HEOOXOAMMOCTbL pPas3paboTku nep-
COHamM3npPoBaHHbIX MPoTokosnoB M®SOC v npoBefeHnsi MacluTabHbIX NCCAeq0BaHUA 415 ONTUMU3aLmnm
rnapameTpoB CTUMY/ISILMN B peabunintaymy rnoCTMHCYIbTHLIX 60JIbHbIX.
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the joints on the paretic side [5-7]. Electromyographic
(EMG) examinations of the muscles in the lower
limbs in hemiparetic patients show the changes in
the electric activity of muscles, which manifests by
the absence or by the decrease in the amplitudes
and by the presence of pre-term or delayed muscle
activity peaks [8].

One of the variants of restoring the walking function
in general and of achieving the walking symmetry in
particular is the method of repeated teaching the
motor skills, for which, the high-intensity repeating
specific training sessions are necessary at the early
period of rehabilitation after the CVA [9]. One of the
promising methods of restoring the walking function is
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the method of functional electrostimulation of muscles
(FES)'. Specifically, this context of fulfilling a certain
functional task, as it was initially described by the
authors of the method — J.H. Moe and H.W. Post [10],
makes this field topical in modern rehabilitation. In
particular, FES is used for reproducing the example
of automatic activation of muscles in the lower limbs
during the process of restoring the walking function [11],
and specifically for this purpose, the artificial external
excitation of muscles with electric current is used.

The mechanism of FES efficiency, nevertheless,
remains unclear. For example, in the research by
G.F. Santos et al. [12], it was found that FES improves
walking in patients with a foot drop syndrome, with
this, the basis of this effect is not evident.

The MFES method was assessed as promising in
terms of restoring the walking function, beginning from
the early rehabilitation period after the cerebral stroke
and up to the onset of the residual neurological deficit
period. Thus, at the early recovery period, when the
pathological gait is still at the development phase,
the use of MFES, evidently can be associated with
higher efficiency.

The aim of this research is exploring the possibilities
of MFES for restoring the walking functions in patients
with a past episode of cerebral stroke.

Methodology of searching

the literature sources

For searching the literature sources, the PubMed,
eLibrary and Google Scholar databases were used.
The search with a depth of up to 10 years was using the
following key words and their combinations: “stroke”,
“CVA”, “rehabilitation”, “walking”, “multi-channel
functional electrostimulation”, “stroke”, “rehabilitation”,
“gait”, “multichannel functional electrical stimulation”.
The inclusion criteria for the analysis were the following:
the analytical reviews, the clinical and experimental
research, the recommendations from the scientific
communities, the full texts of articles in Russian
or in English.

Exclusion criteria: clinical cases; research works
devoted to the foot drop syndrome; the ones where
stimulation was applied to only one muscle; the use
of implanted stimulation systems; other methods of
walking, except the common one or the static position;

' Decree issued by the Ministry of Health of Russia dated July 31,
2020, No. 788n «Concerning the approval of the Procedure of
organizing the medical rehabilitation of adults». Access mode:
https://www.garant.ru/products/ipo/prime/doc/74581688/?ysc
lid=mc8qui3cc6321811374

stimulation with using the training devices (exercise
bicycle and others); research works employing the
survey method; the ones where stimulation was used
as the experimental variable; the research works with
multi-channel constant stimulation; multi-channel
stimulation in healthy test subjects.

NUMBER OF CHANNELS

AND THE MUSCLES STIMULATED

FES was first used for compensating the foot drop
syndrome in rehabilitation after a cerebrovascular
stroke by V.T. Liberson et al. [13] in 1961. The authors
have obtained positive results of correcting the foot
drop symptom in patients after the CVA. Later on,
multiple research works have demonstrated that
FES is an effective method of improving the motor
function [14], of increasing the walking speed [15] and
of decreasing the degree of intensity for spasticity
after a cerebrovascular stroke. With this, it is known
that single- or double-channel FES in a sufficiently
effective way stimulates the dorsal flexing of the ankle
joint, which is accompanied by the decreased flexing
amplitude in the knee joint along with the plantar
flexion of the ankle joint at the second half of the
stance phase, at the beginning of the swing phase [11],
decreasing the repulsive momentum generated
at the end of the stance phase. The application of
multi-channel FES can compensate and provide the
insufficient momentum force. In particular, a number of
research works reported the positive results of using
MFES in early rehabilitation of individuals after the
CVA in a context of affecting the balance control and
mobility. In the research works by the groups headed
by Z. Tan [16] and T. Yan [17], it was demonstrated
that using the four-channel FES for the main
flexors-extensor muscles of thigh and shin can improve
the motor function, the balance, the ability to walk,
as well as the ability to perform everyday activities in
CVA patients at the early rehabilitation period.

In the research on the effects of FES of the anterior
tibial muscle, an effect of increasing the walking speed
and frequency was described [14], with this, the FES
of the anterior tibial muscle, of the long peroneal
muscle, of the quadriceps and the hamstring muscles,
was to a significant extent increasing the efficiency
and the speed of walking [18], while the involvement
of the femoral abductor stimulation into the process
has stabilized the positioning of the coxofemoral joint
itself and to a significant extent has increased the
ability of unassisted walking, contributing to re-gaining
the balance [19].
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Upon taking off the table the separate topic of
stimulation in cases of foot drop syndrome, in other
cases the muscles used for FES are the main flexors-
extensors of the shin and the thigh. When training the
walking motions using FES, the main target muscles
are the groups represented in table 1 [17, 20-25].

OPTIMAL TIMING PARAMETERS

OF FUNCTIONAL ELECTROSTIMULATION

The main MFES parameters may include the
following: the duration of a single procedure, the
number of procedures per weeks and the total course
duration. The conducted research works describe
various timing parameters of the procedure. For
example, the possibility of using the stimulation lasting
from 15-30 minutes [26] to 30-45 minutes [17, 27] was
studied. In general, it is worth noting that the optimal
timing of FES, for example, in case of correcting
the foot drop symptom in CVA patients, can vary
extensively. In particular, S.K. Sabut et al. [15] report
the positive results of daily usage of the device with
sessions lasting 20-30 minutes. Some research works
describe the gradual increase of session duration (from
15 minutes during the first week to 30-45 minutes
in the following weeks [14]), which can contribute to
better adaptation of patients to electric stimulation
and can decrease the risk of muscular fatigue at the
initial stages of rehabilitation, at the same time, the
stimulation device itself is claimed to be the means of
prosthetic replacement for the function.

Regarding the frequency of training, the majority of
FES protocols recommend arranging the sessions not
less than 5 times a week [17, 28], though no justification
is provided by the authors. In the research by Z. Hong

REVIEW

et al. [29] with arranging the FES training sessions
among the patients at the chronic stage of stroke,
the sessions lasted 20 minutes 3 times a week for
7 weeks with good clinical effect. In the systematic
review published in 2024 [30], the authors came to the
conclusion that less long training sessions are more
effective than the long-lasting ones.

Thus, the practice of using FES most frequently
includes the so-called standard protocols, which are
used regardless of the stroke period, namely: from 3 to
5 training sessions a week with the duration from 30 to
60 minutes depending on the patient status with a total
course of 3-12 weeks for the purpose of improving the
walking parameters, such as speed and balance, as well
as for the correction of spasticity [14, 31]. If necessary,
the FES duration can reach up to 6 months for achieving
the stable effect with sessions performed daily or several
times a week [25]. It was noted that the early initiation
of FES and its long-term application are of fundamental
importance for achieving the optimal results.

Currently, a trend can be seen towards combining
the MFES itself with other technologies of training to
walk (treadmill sessions, motorized exercise bicycle
training sessions etc.) for increasing the functionality of
the process [32, 33].

MODES OF FUNCTIONAL

ELECTROSTIMULATION

Currently, the stimulation models known as the
variable-frequency trains (VFT), have a number
of benefits comparing to the traditional constant-
frequency trains (CFT). In particular, it was noted
that the VFT enhance the isometric [34] and
non-isometric [35] parameters of the muscles, as

Table 1

Muscles of the lower limb and their combinations used for functional electrostimulation

Source

Allen, 2018 [20];
Aout, 2023 [21]

Allen, 2018 [20];
Aout, 2023 [21]

Hakansson, 2011 [22]
Tenniglo, 2018 [23]

Purohit, 2024 [24] the stability of the lower limb

Shin, 2022 [25]

Stimulated muscles

The anterior tibial muscle has the fundamental importance for performing the dorsal
flexion of the ankle joint at the swing phase

Plantar flexors of the ankle joint are stimulated at the second half of the stance phase
to improve the repulsion and frontal motion when walking

Isolated stimulation of only the anterior tibial and gastrocnemial muscle
Stimulation of only the posterior group of thigh muscles

The quadriceps muscle is being selectively stimulated for the purpose of improving

The abductor muscle of the thigh and the gluteus maximus muscle for supporting
the vertical position of the body when walking

Four muscles simultaneously (main flexors-extensors) — anterior tibial, medial

Yan, 2005 [17]
muscle of thigh

gastrocnemial, whole posterior group of thigh muscles and the quadriceps
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shown in the healthy quadriceps muscles of the thigh
comparing to the CFT of similar frequency, especially
when the muscles are tired. Besides providing the
improved performance of skeletal muscles, the VFT are
considered a more physiologically justified stimulation
pattern comparing to the CFT [36].

The difficulties of predicting the effect of FES
have multiple factors, which are difficult to take into
account in the real-life settings: thus, for example, the
mode of muscles working can significantly change at
various motion phases, the response to FES can also
be different. For more precise exposure, mathematical
models are being developed that operate the data
sets accessible as of today [12], nevertheless, the
information currently available is insufficient and the
research must be continued.

The main FES parameters in the published articles
were summarized in table 2 [10, 11, 14-18, 20, 22-24,
26-28, 31-33, 37-41]. The analysis of stimulation
parameters has revealed a wide variability of FES
protocols used by various investigators for various forms
and clinical stages of stroke. The stimulation frequency
varies from 30 to 100 Hz with the predominance of the
30-40 Hz range in the majority of research works. It
is important to note that only 8 of 22 research works
state the current force. The average procedure duration
is approximately 30 minutes with the marginal values
from 15 to 60 minutes. Notably, the multiplicity of the
procedures varies from 2 to 7 a week (with a mean of
5 sessions) and the total course duration — from 3 to
30 weeks, more often 4-6 weeks.

The synchronization of FES with the walking cycle
represents a critically important aspect of the effective
usage of the methods. The analysis of literature data
shows a variety of synchronization methods applied
in various researches. Thus, the most widespread is
the usage of contact switches located in the shoes
of the patient [14, 18, 21, 22, 37]. Contact sensors
determine the step cycle, then the algorithm supposes
the presence of the needed delay before switching on
one or another channel, however, contact sensors are
temperamental, they have a certain activation threshold,
bouncing and other technical drawbacks. More modern
systems use the data from the accelerometers [27, 38]
or more complex inertial systems [11], which allows for
increasing the accuracy of determining the step cycle.
Some research works employ the synchronization
based on the EMG-activity of the contralateral limb [16]
or of the paretic limb itself [32], as well as manual
activation [10, 17]. Modern developments include the
integration of inertial sensors (inertial measurement

unit, IMU) with the algorithms of machine learning [39],
which potentially can provide a more adaptive and
personalized synchronization of stimulation with the
individual features of the pathological gait in a patient.

EXTERNAL ACCESSORIES

FOR THE MOTION ORGANIZATION

The complete correction of known disorders when
walking using FES is not possible for the majority of
patients, which is why, during the course of stimulation,
as well as in everyday life, the patients continue to receive
aid with special technical means that not just assist the
movement, but also organize it. Such technical means
include both the simple ortheses for supporting the
normal positioning of the ankle joint [40] and much more
sophisticated training equipment along with walking
imitators, the robotic devices and neuroprostheses [41].
As of today, the hybrid set including the exoskeleton
combined with FES is estimated as one of the most
promising technologies for restoring the walking
function. In a number of research works, it was noted
that using FES causes the rapid onset of muscular
fatigue [42], which, in turn, decreases the ability of the
muscles to maintain or produce the contraction force
and significantly decreases the training session time.
Based on this, attempts were made to combine FES
with passive orthesis [43], which was used to dampen
the consequences of muscular fatigue, but these
devices failed to provide an additional torsional moment
required, in particular, for the knee joints. Autonomous
exoskeletons [44, 45] can compensate this and other
moments: in this combination, the supportive robotic
aid decreases the general operating cycle of muscle
contractions induced by FES, also delaying the onset
of muscular fatigue during the course of physical
exercises with high torsional moment, such as the “sit-
stand”. Besides, active muscle contractions induced
by FES, promote to the neuroplasticity that restore the
lost functioning of the limb, unlike the electrically driven
exoskeletons, which provide only passive motions [46].

Exoskeletons with integrated FES have appeared on
the Russian medical market at the beginning of 2020s.
The topic of integration was discussed previously [47],
which lead to the increase in the number of such devices
offered at the national medical market and allowed for
arranging a research on the combination of FES when
moving with the aid of the exoskeleton among the
patients after a cerebral stroke [48, 49]. The authors have
revealed a positive effect for the immediate and early
rehabilitation periods, however, so far the experience of
using such devices is significantly limited.
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Due to the fact that the main function of the
exoskeleton is the decrease of the excessive
monotonous loading and easing the hard work of the
nursing medical staff [50], the usage of additional
methods of increasing the training efficiency is deemed
justified. In a later research work by M.T. Dantas
et al. [38], it was noted that FES, undoubtedly, positively
contributes to the training among the post-stroke
patients using the exoskeleton and proposes an
adaptive stimulation algorithm with taking into
consideration the motion amplitude developed.

THE STAGING OF TEACHING THE MOTOR SKILLS

The process of teaching the motor skills can and
must be analyzed stagewise [51]. Even though, in
practice, the transition from one stage of learning the
motor skills to another is smooth and it is not always
clearly understandable at which specific stage the
patient is currently, three phases can be isolated —
the initial, the associative and the autonomous.

At the initial stage of learning the motor skills, or
at the so-called cognitive stage, in order to master
a specific motor task, various strategies are employed
for selecting the optimal motion variant. The support
from the rehabilitation therapist at this stage is
extremely important and, depending on the degree of
deficit in a patient, it can be implemented either in the
form of physical or the verbal feedback [52].

When transitioning to the associative stage of
learning, the patient demonstrates a sharper skill of
the motion trained. The motor training task is done
with lesser variability, until the optimal strategy could
be finally found [53]. From this moment, the specialist
shall restrain from manual support, but the target
feedback is still important. This feedback should be
provided with a delay relative to the motor task to avoid
overlapping with the inner feedback for the motion
control [54]. After the motion strategy is defined, the
training sessions can be modified a little.

The autonomous stage suggests mainly the
automatic motor skill, the task should be repeatedly
modified until the moment of the patient being capable
of doing it in any type of environment conditions. At
the autonomous stage of motor learning, the program
is already automated: this means that the motion can
be done in the almost optimal manner, not requiring
significant attention or concentration [53]. At this stage,
it is possible to more precisely focus on the separate
components of motion to preserve them. Variations of
exercises, as well as the inclusion of higher difficulty
elements, are now necessary for supporting the
motivation of the patient [52].

THE EFFICIENCY OF FUNCTIONAL

ELECTROSTIMULATION

AND THE TECHNICAL ASPECTS

In a randomized research by Z. Tan et al. [16], the
efficient rehabilitation cycle lasted for 3 weeks, while
the improvements could persist within at least 3 months
upon the end of the course. Special attention is attracted
by the time of the onset of the possible positive FES
effect, for example, the increase of the walking speed.
It was noted that the gradual increase of this parameter
occurs when using FES within the first 18 weeks, but
later on no changes could be observed [40].

In the accessible literature, researchers do not
emphasize in any manner the clinical form of stroke and
which time period exactly after the CVA is the best to
initiate training. In a research by T.M. Kesar et al. [11],
it was reported that FES is used to restore the lost or
abnormal motions. Nevertheless, the most effective FES
is considered the one that was initiated at the subacute
stage of stroke, usually within several weeks or months
after a cerebrovascular accident, for this period has the
fundamental importance for the maximal restoration
of motor activity and for functional improvement [31].
Arranging the FES in 6 months from the moment of
disease onset is also considered as effective, for the
sessions allow for preserving or improving the walking
function and mobility, though the speed of developing
the functional changes is already not so high [21].
According to the data from the review by Z. Hong
et al. [29], FES also remains effective in patients at the
chronic stage of stroke. It was shown that the quality
of walking could be improved along with its symmetry
when using the stimulation of the anterior tibial muscle
and of the triceps muscle of the calf in patients with
insufficient motion control in the ankle joint. In one of the
recent systematic reviews, the authors make a cautious
conclusion that FES can be more effective for patients
exactly at the chronic phase [30]. Similar conclusion was
drawn up in the research by M.J. Nam et al. [37]: based
on the proprietary data, the authors recommend FES for
patients at the chronic stage of stroke.

Among the technical aspects of arranging the FES,
the importance of correct positioning of electrodes at
the stimulated muscles was noted: in order to fulfill this
task, it is necessary not only to have the knowledge of
functional anatomy, but also the possibility of individual
approach in each specific case. At the present
moment, there is a general rule for the positioning of
electrodes: the electrodes are first placed above the
nerve(s) innervating the stimulated muscle, after which
stimulation is undertaken. If the resulting motion is
desirable, the positioning remains. In case of the

www.clinpractice.ru 75

2025

Vol 16 h2



negative result, the electrodes should be repositioned
(usually by not more than several centimeters) and
the test should be repeated until achieving the
desired motion, with this, the patient should have the
motivation for conducting the FES [55]. The majority
of manufacturers of such an equipment provide
the stereotypical schemes of electrode positioning
without taking into account the places were the nerves
originate, but recommending that the main belly of the
muscle is positioned between the electrodes. In this
case, the property used for the applied stimulation is
the direct excitation of muscle fibers.

DISCUSSION

The majority of research works on FES is still
focused on the single-channel stimulation for
compensating the foot drop syndrome [20-22], with
this, the multi-channel stimulation in various forms is
recognized as more effective, however, it is much less
frequently applied. There are various variants of it, but
the main ones include four groups of flexors-extensors
of the lower limb: the quadriceps muscle of thigh (or its
separate head), the posterior group of thigh muscles
(or separate muscles), the anterior tibial muscle and
one or both gastrocnemial muscles. Our analysis has
shown that the clinical reports on using the MFES in
patients after an episode of cerebral stroke were quite
few. There are only single ones that are modern. With
this, there are publications submitted over the last
years which are of technical or experimental nature
and fall outside the ranges of the inclusion criteria
for this review.

The duration of the FES session significantly varies
(from 15 to 60 minutes), with the absence of justification
for this or that duration provided by the authors. In fact,
the spread of the parameter values, where the minimal
value is 4 times less than the maximal one, speaks for
itself. The FES parameters were also not matching the
physical stamina of the patients. It is evident that this
or that duration should be manageable for the whole
test group, but this is all that could be suggested taking
into consideration that the patients with similar clinical
form and the degree of hemiparesis can show various
exercise tolerance and, probably, require different
timings of FES sessions. Our suggestion is that the
specialists involved into performing the FES sessions
commonly remain within the frames of treatment schemes
approved, in which the session time is some kind of
a constant not anticipating any individual approach.

The number of procedures per week is also
subject to variability, mainly within the range from
3 to 5. This aspect is also presented as a constant

REVIEW

with no discussion, why this or that number is used.
Evidently, it is related to the organizational aspects
of the rehabilitation process, not to the physiological
justification. The trend of arranging 5 sessions a week,
as it is set in the research works by J.S. Cheng [28] and
T. Yan [17], can be resulting from the reference to the
number of work days and not the optimal stimulation
mode. For the first case (3 days a week) they come
every other day (Monday, Wednesday, Friday), while for
the second one (5 days a week) — all the work days.
Thus, even this parameter is not in fact related to the
clinical form or to the status of the patient.

The duration of FES course varies with a factor
of eight — from 3 to 24 weeks, with this, the number
of authors report that the longer the course is, the
higher is its efficiency [23]. The objective criteria for the
duration of a certain course were also not provided by
the authors. It can be agreed that the changes in the
walking function as a result of cerebral stroke by no
means can be restored in all the cases. The remaining
stable abnormalities require supporting activities for
the life term, and in this context, the long-term courses
can be surely justified. But it seems that the judicious
balance here will depend on very numerous factors,
including the system of organizing the rehabilitation
therapy, and it is still not the object of research.

As for the modes of used FES, the majority of
research works use constant frequency. This aspect
is also not supported by any explanations: the
authors just state the name of the equipment used.
And here, the most important role is played by two
circumstances. The first one that the stimulation devices
with constant frequency are technically much simpler
and more available for use [56]. These reasons are
already enough to have the overwhelming dominance
in the research works. Second off — the methods
with variable frequency are not just incomparably
more complex: the experience of their application
is very limited, while the criteria for controlling the
new variable (the frequency) are even less clear, with
the effect of decreased spasticity — the one of the
essential ones — is reported for the stimulation with
constant frequency current [57]. Besides, it is known
that various muscles, even at the normal conditions,
have various sensitivity and response to changing the
frequency at various activity phases [58], and we have
even less understanding of the various conditions of
muscles in patients after a cerebral stroke, depending
on its specific form. Besides, it is necessary to note
that applying the data for healthy muscles to the
muscles with pathological neuromuscular regulation is
still not possible. Another essential moment is that the
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pathological locomotion itself results in changes in the
functions of the muscles [56], due to which, the cause
and effect can not always be clearly differentiated.

The analysis of published research data
demonstrates significant variability in the parameters
of electric stimulation. The stimulation frequency in
the majority of research works varies from 30 to 50 Hz
[16, 17, 22, 27], though separate articles describe
both the lower (20-45 Hz [24]) and significantly higher
(80 Hz [37]) frequencies. The 30-50 Hz frequency has
a certain physiological justification [58], however, for
patients after a cerebrovascular stroke presenting with
hemiparesis, the status of the muscles changes from
the immediate to the residual period. What frequency
for which type of muscle impairment and at what
phase would be the best, remains disputable.

The duration of impulses also significantly
differs — from 50 usec [32] to 450 psec [24], with the
most commonly used range being the 200-350 usec.
The impulse duration has a number of justified
criteria [58], but what needs to be taken as guidance
when determining this parameter for each specific
muscle in the given patient remains unclear. With
other factors being equal, the longer impulse carries
more energy, but this is probably and so far the only
evident criterion to be used to achieve the required
response from the muscle.

The current amplitude, where provided, usually
varies from 10-12 to 60-70 mA with an individual
adjustment for each patient. Oftentimes, the amplitude
is not reported in the research at all, and this is not
a mistake made by the authors. The thing is that this
parameter is too much related to many other factors,
among which are the following: the surface area of the
electrodes employed, the stimulated muscle itself and
its status, the thickness of subcutaneous-fatty tissue,
some technical features of the stimulating channel etc.
Thus, even when the current amplitude is mentioned,
this can only serve as the guiding point.

It is important to note the absence of unified criteria
for choosing the stimulation parameters for specific
groups of patients. The majority of protocols are
developed empirically, without the clear justification
of selecting these or those parameters. S. Chen
et al. [30] in their research note the urgent need for
studying the specific features of operating with FES
with various adjustments of stimulation frequency
and other parameters.

The topic of synchronizing FES with walking is
technically the most complex. The method of contact
switches, which is used in the majority of cases, is
the result of permissible simplification. The contact

sensors themselves are used for various types and
constructions, but they operate in harsh conditions
of the body weight affecting them and, with this, they
need to have a low activation threshold and a short
(within milliseconds) hysteresis (returning to initial
conditions upon the removal of the load). These issues
fall outside the frames of solely medical field, however,
in the current century, new methods were proposed
for detecting the step cycle phase, in particular, the
inertial sensors, which at the present moment have
almost completely replaced the contact sensors in the
autonomous systems for the correction of foot drop.
Synchrodrives can be used only as a part of robotic
devices with walking imitation, which limits their usage.
The methods for initiating a pack of stimulating impulses
based on the EMG-activity detection is another new
method. From the methodical point of view, it can be
deemed adequate only for the muscles which have
no phasic activity impairments. In other cases, this
method is inapplicable. How precisely the EMG-signal
can detect the time parameters of synchronization, also
remains disputable. In one of the research works [16]
this method was used in the modification that employed
the unaffected side for initiating the FES on the paretic
one. Such a variant can not be considered as good or
applicable for the reason that the EMG-activity on the
unaffected side is not compensatory modified, but also
the step cycles themselves have substantial reciprocal
shifts [7] i.e. the shifting of step cycles relative to each
other is present, which may reach the values of 10-30%
of the step cycle. Thus, the error of “detecting” the
step cycle becomes unacceptable. Nevertheless, the
synchronization based on the EMG-activity can be
a very reasonable choice for voluntary movements, but
it is already out of the frames of the walking function.
The manual option of activating FES might as well have
only the historical value due to its extreme inaccuracy.

There is no doubt that, in cases of significantly
impaired walking biomechanics, its feasible correction
may be required. The matter if it is possible to achieve
the decrease in the degree of motor disorders by this,
remains unexplored and requires further research
activities. At what degree and for which clinical cases
the exoskeleton or other devices with integrated
stimulation system could be useful, the results of
further research works will show.

The staging of rehabilitation can serve the purpose
of the individual estimation of the current status of the
patient and its dynamic changes, with this in mind and
with all the other factors being equal, it gives ground for
using the MFES method from the first days of starting
to teach the patient to move without assistance.
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It could be stated that there is no existing all-purpose
MFES protocol fitting all the patients with a history of
cerebrovascular stroke. The differentiated approach
is necessary, the one taking into account several key
factors, the most important of which are the following.

Type of motor disorder. For the patients with
predominant decrease of muscle strength without
pronounced spasticity, the effective stimulation
could be the one having the parameters aimed at
strengthening the muscles and at improving their
stamina (low frequency — 20-30 Hz, longer sessions).
In patients with significant spasticity, the more effective
could be the mode with high stimulation frequency
(more than 50 Hz) [15, 57].

Rehabilitation period after a cerebrovascular stroke.
At the immediate and the early period of rehabilitation,
MFES can contribute to the prevention of developing
pathological motor stereotypes and could be a valuable
addition to the traditional methods of rehabilitation.
At the residual stage, MFES can be especially useful for
overcoming the rehabilitation plateau and for improving
the functional capabilities [30].

Cognitive abilities of the patient. For patients with
cognitive disorders, the more preferable could be the
systems with automatic synchronization, not requiring
the active participation of the patient in the stimulation
process. For patients with intact cognitive functions,
the more effective systems could be the ones with
biological feedback, requiring the active participation
of the patient [52].

CONCLUSION

Multi-channel  functional  electrostimulation s
considered an effective method of restoring the
walking function in patients after a cerebrovascular
stroke, however, the existing application protocols are
characterized by the significant variability of parameters
without the clear physiological justification. It was found
that the recommended duration of procedures varies
from 15 to 60 minutes, the stimulation frequency —
from 20 to 80 Hz, while the course duration — from 3 to
24 weeks, with the choice of specific parameters having
a predominantly empirical pattern and depending on the
organizational factors, not on the clinical status of the
patient. A necessity was demonstrated for developing
a differentiated approach to the application of MFES
with taking into consideration the type of motor disorder,
the period of rehabilitation after a cerebrovascular stroke
and the cognitive capabilities of the patient. The optimal
technical parameters of stimulation were defined:
30-50 Hz frequency, 200-300 psec impulse duration
with individual adjustment of amplitude and obligatory

REVIEW

synchronization with the step cycle in the paretic
limb. Modern trends of improving the method include
the integration of MFES and of the robotic devices
and systems with biological feedback, which opens
new possibilities for personalized rehabilitation. The
obtained results justify the necessity of arranging large-
scale clinical research for the standardization of MFES
protocols and for compiling the scientifically justified
recommendations on its use in various clinical situations.
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