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Introduction. Gait dysfunction is a complication of acute cerebrovascular accidents, which is biomechanically manifested as reduced speed 
and asymmetry in spatiotemporal and kinematic parameters. These impairments can be corrected using functional electrical stimulation (FES) 
of muscle contraction; however, the available literature primarily describes its application during the late recovery phase of stroke.
Objective. Evaluation of the potential of multichannel FES for gait recovery in early post-stroke rehabilitation.
Materials and methods. The study included 11 patients (2 females and 9 males) aged 46–66 years in the early recovery period after an isch-
emic stroke (time since stroke onset was 69.1 ± 52.0 days) and 34 healthy subjects (18 females and 16 males) as a control group. The lower 
limb muscle strength and tone were assessed using the Medical Research Council Scale for Muscle Strength and the modified Ashworth 
scale, respectively. Gait function was evaluated using the Dynamic Gait Index, Hauser Ambulation Index, Timed-Up-and-Go test, and 10-Me-
ter Walk test. Gait pattern function (b770), obstacle negotiation (d4551), and short-distance walking (d4500) were also examined. All patients 
underwent a FES therapy course (mean number of sessions — 10.8). Clinical and biomechanical examinations were performed before and 
after the FES therapy course. Biomechanical gait analysis was conducted using a Stadis system (Neurosoft, Russia). Statistical analysis was 
performed using the Statistica 12.0 software.
Results. The conducted clinical evaluation demonstrated a minor yet statistically significant functional improvement in post-treatment testing. 
An increase in the scores of Dynamic Gait Index and 10-Meter Walk test was observed. A decrease in the values of Hauser Index values and 
the completion time of Timed- Up-and-Go test, as well as in domains (d770) and (d4500), was noted. Gait function showed improvement. 
The values of walking speed (p < 0.05), double support time on the paretic side (p < 0.05), and m. gastrocnemius activity on both the paretic 
and unaffected sides (p < 0.05) increased.
Conclusions. The observed changes in gait function were typical of hemiparesis. During the FES therapy course, the patients showed no 
negative reactions. The clinical and biomechanical gait functions of patients showed minor but positive changes during the FES therapy 
course. Among biomechanical parameters, the amplitude of the gastrocnemius muscle course on the paretic side significantly increased, 
which is one of the FES target parameters. Short courses of multichannel FES can be applied in this patient category; however, their effective-
ness is insufficient. Approaches to improving the FES effectiveness require further investigation.
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ВОССТАНОВИТЕЛЬНОМ ПЕРИОДЕ ИШЕМИЧЕСКОГО ИНСУЛЬТА
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Введение. Одним из осложнений острых нарушений мозгового кровообращения является нарушение функции ходьбы, которое 
биомеханически характеризуется снижением скорости и асимметрией пространственно-временных и кинематических параме-
тров. Для коррекции данных изменений возможно применение функциональной электростимуляции мышц (ФЭС), однако в имею-
щейся литературе данный метод применяется преимущественно в позднем восстановительном периоде инсульта.
Цель. Оценка возможности применения многоканальной ФЭС у пациентов в раннем восстановительном периоде инсульта для вос-
становления функции ходьбы.
Материалы и методы. В исследовании приняли участие 11 пациентов (2 женщины и 9 мужчин) в возрасте от 46 до 66 лет в раннем 
восстановительном периоде ишемического инсульта (количество дней после инсульта составило 69,1 ± 52,0 дня) и 34 здоровых 
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испытуемых (18 женщин и 16 мужчин) — контрольная группа. Изучали: мышечную силу нижних конечностей по Medical Research 
Council Weakness Scale, мышечный тонус нижних конечностей по модифицированной шкале Ашфорт; функцию ходьбы оценивали 
по индексу динамической походки, индексу Хаузера, тестам «Встань и иди» и десятиметровой ходьбы; а также исследовали функ-
цию стереотипа походки (d770), преодоление препятствий (d4551) и ходьбу на короткие расстояния (d4500). Всем пациентам про-
веден курс ФЭС (среднее количество — 10,8 процедуры). Клиническое и биомеханическое исследования выполнены до и по окон-
чании курса ФЭС. Биомеханическое исследование ходьбы проведено с помощью комплекса программного обеспечения «Стэдис» 
(«Нейрософт»). Статистическая обработка данных выполнена в программе Statistica 12.0.
Результаты. Клиническая оценка показала незначительное, но достоверное функциональное улучшение по результатам тестиро-
вания после проведенного лечения. Отмечено увеличение значений индекса динамической походки и теста 10-метровой ходьбы, 
уменьшение индекса Хаузера и времени выполнения теста «Встань и иди», а также по доменам (d770) и (d4500). Функция ходьбы 
улучшилась. Возросли значения скорости ходьбы (p < 0,05), увеличился период двойной опоры на паретичной стороне (p < 0,05), 
возросла активность m. gastrocnemius на паретичной и здоровой сторонах (p < 0,05).
Выводы. Обнаруженные изменения функции ходьбы были типичны для гемипареза. В ходе проведения курса ФЭС у пациентов 
не было выявлено негативных реакций на проводимую стимуляцию. Клинические и биомеханические функции ходьбы пациентов 
за время курса ФЭС изменилась незначительно, но динамика их положительная. Из биомеханических параметров достоверно воз-
росла амплитуда икроножной мышцы на стороне пареза, что является одним из целевых параметров ФЭС. Проведение коротких 
курсов многоканальной ФЭС данной категории больных возможно, но недостаточно эффективно. Повышение эффективности 
ФЭС требует дальнейшего изучения.

Ключевые слова: ишемический инсульт; парез; ходьба; реабилитация; электростимуляция; биомеханика ходьбы; гемиплегическая 
ходьба
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INTRODUCTION

Acute cerebrovascular accident (ACVA) is the second 
leading cause of death and one of the main causes 
of disability worldwide [1, 2]. The incidence of strokes 
and the costs associated with necessary rehabilitation 
measures have been growing globally, including due to 
persistent health impairment experienced by a signifi-
cant proportion of ACVA survivors [3]. 

The complications of ACVA can be distinguished 
into motor [4], cognitive [5], and sensory impairments 
[6]. One serious complication of motor disorders 
сonsists in an increased risk of falls [7] due to dorso-
flexor weakness and the appearance of foot drop in the 
paretic lower limb [8]. A slow walking speed and asym-
metry of lower limb movements are often observed, as-
sociated with reduced range of motion in the joints and 
the need to swing the leg sideways [9, 10, 11, 12]. In 
particular, spatial asymmetry is related to step length 
changes [13, 14].

Given the urgency of prompt restoration of mo-
tor functions in ACVA patients, improved rehabilitation 
methods are increasingly attracting the research atten-
tion. One such approach is functional electrical stimula-
tion (FES) of muscle contraction.

Moe et al. described the FES method primarily 
in the context of performing a specific functional 

task [15], particularly walking [16]. A number of stud-
ies reported the effectiveness of FES in correcting 
typical gait changes in hemiparesis. However, the 
mechanism of this effect and the system for evaluat-
ing the results remain unclear. Most FES studies use 
changes in walking speed and muscle strength as 
criteria [17, 18]. Although being clinically significant, 
these criteria do not provide a detailed biomechani-
cal understanding.

The authors [19] investigated the direct effects of FES 
on the gluteus medius and tibialis anterior muscles in 
post-stroke patients, including those using walking aids, 
and noted the importance of analyzing movements not 
only of the affected limb but also of the unaffected limb. 
Despite the findings, the researchers could not clarify 
the etiology of the increased step length in the unaf-
fected limb. Another study [20] demonstrated the pos-
sibility of correcting knee hyperextension and foot drop 
with FES; however, the authors emphasized the need for 
further methodological development of this approach. 
Unfortunately, the current literature does not address the 
use of FES in patients during the early recovery period 
after a stroke.

In this study, we set out to assess the feasibility and 
to evaluate the outcomes of multichannel FES applied in 
patients during the early recovery period after a stroke 
for gait function correction.
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MATERIALS AND METHODS

The study was conducted at the Scientific Research 
Center for Medical Rehabilitation of the Federal Center 
for Brain and Neurotechnologies from April to December 
2024.

The study included patients with hemiparesis in the 
early recovery period after a first-ever ischemic stroke 
(< 180 days) in the middle cerebral artery territory, aged 
under 75 years, capable of independent ambulation 
(walking) without assistance, including with the use of 
walking aids (cane).

The exclusion criteria were cognitive impairments 
preventing patients from understanding instructions; 
sensorimotor aphasia; decompensated somatic pa-
thology; diseases of the central and peripheral nervous 
system (except stroke) accompanied by neurological 
deficits (sequelae of trauma, tumors, polyneuropathies, 
etc.); orthopedic pathology (joint deformities, contrac-
tures, amputations, etc.); history of epileptic activity; skin 
diseases with rashes in electrode placement areas; pa-
tient refusal to participate.

Following screening, 11 patients (2 females and 9 
males) aged 46 to 66 years (mean age 57.6 ± 8.0 years) 
were enrolled. Right-sided hemiparesis was observed in 
4 participants. The mean time since stroke was 69.1 ± 
52.0 days. The mean body mass index in the group was 
24.9 kg/m2.

Additionally, 34 healthy participants (18 females and 
16 males) were included as a control group. The mean 
age of participants was 29.8 years, with a mean body 
mass index of 20.6 kg/m2. 

Clinical Status Assessment Methodology

For assessing the clinical status of patients, the following 
scales and scoring systems were used:
•	 Lower limb muscle strength was evaluated using 

the Medical Research Council Scale for Muscle 
Strength [21];

•	 Lower limb muscle tone was assessed with the 
Modified Ashworth Scale (mAS) [22].
The following instruments were applied for gait func-

tion evaluation: Dynamic Gait Index (DGI) [23], Hauser 
Ambulation Index [24], Timed-Up-and-Go Test (TUG) 
[25], 10 Meter Walk Test (10MWT) [26].

Health impairments and patient capabilities were as-
sessed within the “Activity and Participation” domains of 
the International Classification of Functioning, Disability 
and Health [27, 28]: gait pattern function (b770), negoti-
ating obstacles (d4551), short-distance walking (d4500).

Gait Function Assessment Methodology

Study Procedure

All patients underwent preliminary biomechanical gait 
analysis using a Stadis system (Neurosoft, Russia). 

Spatiotemporal and kinematic gait parameters were re-
corded using inertial sensors secured with elastic cuffs 
at the sacrum level and on both lower limbs: on the 
lateral surface of the mid-thigh, at the lateral malleo-
lus of the ankle joint, and on the dorsal foot surface. 
Simultaneously, electromyographic (EMG) activity of 
lower limb muscles was recorded (each sensor in-
cluded two EMG channels) via electrodes placed at the 
mid-length of: 
•	 m. quadriceps femoris,
•	 hamstrings (m. biceps femoris, m.  semitendinosus, 

m. semimembranosus),
•	 m. tibialis anterior,
•	 m. gastrocnemius (both heads).

During testing, patients walked at a self-selected 
pace along an 8.5-m straight path with turns at the end. 
Biomechanical data were recorded until 30 gait cycles 
had been achieved. The software automatically exclud-
ed unstable steps (turns, stumbling, acceleration/decel-
eration). The output included:
•	 spatiotemporal gait cycle parameters,
•	 kinematic data as joint angle curves (flexion/exten-

sion during the gait cycle) for hip, knee, and ankle 
joints,

•	 muscle EMG activity profiles (envelope EMG).
The first biomechanical assessment was performed 

for both patient and healthy control groups (baseline); 
the second assessment was conducted only for patients 
after FES therapy.

Recorded Parameters

Temporal (gait cycle [GC] in sec; others as % of GC):
•	 stance phase (ST, %),
•	 single support phase (SS, %),
•	 double support phase (DS, %),
•	 the beginning of the terminal double limb stance 

phase (BTDLS, %).

Spatial:
•	 foot clearance (cm), 
•	 circumduction (cm), 
•	 walking speed (km/h).

Kinematic: angular range of motion (maximum flex-
ion/extension, °) with temporal phase (% of GC).

Hip joint (H):
•	 amplitude and phase of initial flexion (Ha1 and Hx1, 

respectively),
•	 extension during late-stance (Ha2, Hx2),
•	 flexion during swing (Ha3, Hx3).

Knee joint (K):
•	 initial amplitude (K0),
•	 amplitude and phase of first flexion (Ka1, Kx1),
•	 amplitude and phase of first extension (Ka2, Kx2),
•	 amplitude and phase of second flexion (Ka3, Kx3).
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Ankle joint (AJ):
•	 initial amplitude (A0),
•	 amplitude and phase of first dorsiflexion (Aa1, Ax1),
•	 amplitude and phase of first plantarflexion (Aa2, Ax2),
•	 amplitude and phase of second dorsiflexion (Aa3, 

Ax3),
•	 amplitude and phase of second plantarflexion (Aa4, 

Ax4).
EMG activity (peak amplitude [μV] and phase [%GC]):

•	 m. tibialis anterior (TA): two peaks (TAa1, TAa2) with 
phases (TAx1, TAx2),

•	 m.  gastrocnemius (GSC): one peak (GSCa) and 
phase (GSCx),

•	 m. quadriceps femoris (QF): two peaks (QFa1, QFa2) 
with phases (QFx1, QFx2), respectively

•	 hamstrings (HM): one peak (HMa) and phase (HMx).
Recorded goniograms and envelope EMG (muscle 

activation profile) parameters are illustrated in Fig. 1.

Functional Electrical Stimulation (FES) 
Methodology

For the FES procedure, we used stimulation devic-
es from a Stedis system (Neurosoft, Russia), and FIAB 
stimulation electrodes (Italy). The devices were secured 
with the same elastic cuffs as those used for biome-
chanical gait analysis, positioned on: the sacrum, thighs, 
and external malleoli. Stimulation electrodes were ap-
plied to the muscles of the paretic limb at the upper and 

lower thirds of mm. quadriceps femoris, tibialis anterior, 
gastrocnemius and hamstring (Fig. 2). 

At the next stage, the current intensity was adjusted 
based on two criteria: test stimulation had to produce 
visible muscle contraction, while the patient’s sensations 
had to remain below their pain threshold. The current 
intensity (stimulation strength) was set at the beginning 
of each session for each stimulated muscle. The current 
frequency and pulse duration parameters remained un-
changed, i.e., 50 Hz and 200 ms, respectively.

After determining the current intensity, the system 
was calibrated and the training was initiated. Patients 
walked in a straight line at a self-selected pace, mak-
ing turns at the end of the path and continuing to walk. 
Electrical pulses were delivered to the muscles at spe-
cific points in the gait cycle corresponding to the physi-
ological peak of muscle bioelectric activity during walk-
ing in healthy individuals. Specifically:
•	 for m. quadriceps femoris — pulses were delivered 

at the beginning of the stance phase and at the end 
of the swing phase;

•	 for hamstring — at the beginning of the stance phase 
and the end of the swing phase;

•	 for m. tibialis anterior — at the beginning of the stance 
phase and in the middle of the swing phase;

•	 for m.  gastrocnemius  — in the middle of the gait 
cycle.
The patient continued walking for 30 min, after which 

the training session ended. The procedure was stopped 

Figure prepared by the authors using their own data 

Fig. 1. Parameters analyzed in goniograms curves and electromyographic 
(EMG) muscle activity profiles: vertical scale for goniograms (hip, knee, 
and ankle joints) — in degrees; for muscle activity profiles (m. tibialis anterior, 
m.  gastrocnemius, m.  quadriceps femoris, hamstring)  — in microvolts; 
horizontal scale — in percentage of the gait cycle
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earlier if subjective complaints appeared (dizziness, fa-
tigue) or at the patient’s request. Procedures were per-
formed daily, five times per week. The course duration 
was determined by the patients’ hospital stay and aver-
aged 10.8 procedures. The average procedure duration 
was 25.5 min.

Data Statistical Processing 

For statistical data processing, we used the Statistica 
12.0 software (StatSoft, Tulsa, USA). The normality of 
quantitative parameter distributions was assessed using 
the Shapiro–Wilk test, which showed non-normal dis-
tributions (p < 0.05); therefore, all data were presented 
as medians with first and third quartiles Me [Q1; Q3]. To 
compare walking parameters in patients before and after 
the FES course, we used the Wilcoxon test. To compare 
walking parameters between the patient and control 
groups, we applied the Mann–Whitney U-test. A p-value 
< 0.05 was considered statistically significant.

RESULTS

Clinical parameters

The comparison of clinical characteristics in the patient 
group before and after the FES course revealed statis-
tically significant changes indicating improved walking 
function (Table 1):
•	 Dynamic Gait Index increased by 3 points;
•	 Hauser Ambulation Index decreased by 1 point;
•	 Timed-Up-and-Go test improved by 7 s;

•	 10-Meter Walk test speed increased by 0.15 m/s.

ICF (International Classification of Functioning) do-
mains:
•	 gait pattern function (b770) decreased by 1 point,
•	 short-distance walking (d4500) decreased by 1 point.

Spatial and temporal parameters

The comparison of parameters before and after the 
FES course revealed the following statistically significant 
changes (Table 2):
•	 Increased double support time on the paretic side,
•	 Decreased double support time on the unaffected 

side,
•	 Improved walking speed.

The comparison of pre- and post-FES parameters 
with control group values revealed the following statisti-
cally significant differences:
•	 extended gait cycle duration (GC),
•	 increase in the stance phase (ST) duration on the un-

affected side,
•	 increased paretic-side single support (SS) phase,
•	 increase in double support (DS) phase bilaterally,
•	 earlier beginning of the terminal double limb stance 

phase (BTDLS) on the paretic side,
•	 delayed beginning of the terminal double limb stance 

phase (BTDLS) on the unaffected side,
•	 reduced foot clearance on the paretic side,
•	 increased circumduction on the paretic side,
•	 significantly slower walking speed in the patient 

group compared to healthy controls.

Photo taken by the authors

Fig. 2. Placement of stimulation electrodes and devices on the patient’s lower limb: the electrodes were placed 
on the hemiparetic side, while the devices were attached to both legs to record biomechanical parameters during 
stimulation
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Table 1. Clinical parameters before and after the functional electrical stimulation (FES) course

Clinical Parameter Before FES After FES

Lower-extremities muscle strength, score 3 3

Clinical scales and tests

Lower-extremities muscle tone on Modified 
Ashworth Scale, score

1–2 1–2

Dynamic Gait Index
16

[14; 17]
19*

[18; 20]

Hauser Ambulation Index
4

[3; 4]
3*

[3; 4]

Timed-Up-and-Go test, s
32

[25; 36]
25*

[19; 30]

10-Meter Walk test, m/s
0.75

[0.7; 0.8]
0.9*

[0.85; 1]

ICF categories

b770 — gait pattern functions
2

[2; 3]
1*

[1; 2]

d4551 — obstacle negotiation
2

[1; 2]
1

[1; 2]

d4500 — short-distance walking
2

[1; 2]
1*

[0; 1]

Table compiled by the authors based on their own data 

Note: * — statistically significant changes, p < 0.05.

Тable 2. Spatiotemporal parameters before and after the functional electrical stimulation (FES) course

Parameter
Before FES course After FES course

Control group
Paretic side Unaffected side Paretic side Unaffected side

GC, s
1.6

[1.5; 2]*
1.6

[1.4; 1.9]*
1.5

[1.4; 2]*
1,5

[1,4; 2]*
1,1 

[1,1; 1,2]

ST (%)
63.3

[60.8; 64.5]
74.2

[69.1; 78]*
62.1

[59.9; 65]
71,8

[67,9; 78,2]*
63,1 

[62,4; 64,4]

SS (%)
26.3

[22.2; 31.2]*
36.9

[35.9; 39.5]
27.6

[21.5; 31.7]*
37,8

[35,2; 39,7]
36,9 

[35,7; 37,9]

DS (%)
34.5

[30.6; 43]*
34.8

[30.7; 42.8]*
35

[27.6; 40.8]* #
34,4

[28,2; 41,4]* #
26,1 

[24,6; 28,1]

BTDLS (%)
41.6

[40.8; 45.8]*
57.1

[53.5; 60]*
42.8

[40; 45.6]*
56,4

[54,1; 60,1]*
49,9 

[49,6; 50,3]

Foot clearance (cm)
8

[7; 12]*
13

[11; 15]
9

[7; 12]*
14

[11; 14]
13,5 

[12; 15]

Circumduction (cm)
4

[3; 6]*
2

[2; 4]
4

[3; 6]*
2

[2; 3]
3 

[2; 4]

Walking Speed 
(km/h)

1.7
[1.2; 2.5]*

2.2
[1.3; 2.4]*#

4.3
[4; 5]

Table compiled by the authors based on their own data 

Note: * — significant differences versus controls, p < 0.05; # — pre-post differences in ipsilateral parameters reached statistical significance, 
p < 0.05; GC — gait cycle; ST — stance phase; SS — single support phase; DS — double support phase; BTDLS — the beginning of the 
terminal double limb stance phase.
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Table 3. Kinematic parameters before and after the functional electrical stimulation (FES) course

Location Parameter

Before FES course After FES course

Control group
Paretic side

Unaffected 
side

Paretic side
Unaffected 

side

Hip Joint

Ha1
15*

[9; 16] 
23

[19; 30]
15*

[10; 17]
24

[20; 28]
23

[20; 25]

Hx1
2

[1; 5]
1*

[1; 2] 
3

[1; 7]
2

[1; 5]
2

[2; 3]

Ha2
-6*

[-9; 1] 
-6*

[-10; -3] 
-8*

[-11; -2]
-7*#

[-11; -3] 
-11

[-12; -9]

Hx2
50*

[47; 55]
59*

[56; 64]
50*

[47; 52]
61*

[57; 66]
53

[51; 55]

Ha3
16*

[11; 28]
31*

[26; 34]
17*

[16; 27]
31*

[25; 32]
24

[22; 27]

Hx3
90

[84; 92]
90*

[86; 93]
88#

[83; 91] 
89

[87; 93]
87

[84; 89]

Knee Joint

K0
2

[0; 4]
12*

[8; 15]
1

[-3; 5]
10*

[7; 13]
3

[-1; 5]

Ka1
10*

[4; 12]
14

[14; 20]
10*

[3; 11]
16

[13; 19]
17

[14; 19]

Kx1
8*

[7; 10]
9*

[7; 12]
11*

[8; 13]
10#

[7; 15] 
12

[12; 14]

Ka2
2*

[-4; 9]
6

[4; 9]
-1*

[-4; 2]
5

[2; 11]
6

[4; 9]

Kx2
33*

[31; 37]
38

[34; 43]
37

[32; 42]
38

[35; 40]
37

[34; 41]

Ka3
35*

[27; 52]
61

[56; 62]
37*

[30; 47]
61

[59; 64]
63

[60; 67]

Kx3
70

[66; 73]
79

[74; 83]*
71

[64; 73]
77*

[74; 81]
70

[69; 71]

Ankle Joint

A0
-9*

[-12; -2]
-4

[-5; -3]
-10*

[-15; -6]
-3

[-4; -1]
-3

[-5; 0]

Aa1
-11

[-14; -5]
-7

[-9; -4]
-14*

[-15; -13]
-7

[-10; -5]
-8

[-10; -6]

Ax1
4*

[1; 5]
4*

[3; 7]
3*

[1; 6]
6#

[3; 8] 
7

[6; 8]

Aa2
9

[5; 14]
10

[9; 12]
8

[5; 12]*
13

[10; 14]
12

[10; 15]

Ax2
49

[47; 51]
58*

[56; 60]
48.75

[48; 50]
57*

[56; 59]
48

[46; 50]

Aa3
-5*

[-11; -3]
-9*

[-18; -7]
-10*

[-13; -7]
-15* #

[-17; -12]
-19

[-22; -15]

Ax3
74*

[66; 79]
74*

[71; 80]
67*

[65; 76]
73*

[70; 77]
64

[63; 65]

Aa4
-9*

[-11; -3]
-4*

[-10; -4]
-9*

[-14; -5]
-6*

[-9; -3]
-1

[-3; 1]

Ax4
94*

[93; 98]
82

[81; 98]
99*

[95; 100]
81

[81; 97]
86

[81; 97]

Table compiled by the authors based on their own data 

Note: * — significant differences versus controls, p < 0.05; # — pre-post differences in ipsilateral parameters reached statistical significance, 
p < 0.05; Hа1 and Hа2 — amplitude and phase of initial flexion; Hа2 and Hх2 — extension during mid-stance; Hа3 and Hх3 — flexion during 
swing; К0 — initial amplitude of knee; Ка1 and Кх1 — amplitude and phase of initial flexion; Ка2 and Кх2 — amplitude and phase of first ex-
tension; Ка3 and Кх3 — amplitude and phase of second flexion; A0 — initial amplitude of ankle; Aа1 and Aх1 — amplitude and phase of first 
dorsiflexion; Aа2 and Aх2 — amplitude and phase of first plantarflexion; Aа3 and Aх3 — amplitude and phase of second dorsiflexion; Aа4 and 
Aх4 — amplitude and phase of second plantarflexion.
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Kinematic parameters

The comparison of pre- and post-FES parameters re-
vealed the following statistically significant (p < 0.05) 
changes (Table 3):
•	 earlier Hx3 on the paretic side,
•	 increased Ha2 on the unaffected side,
•	 delayed Kx1 on the unaffected side,
•	 delayed Ax1 on the unaffected side,
•	 increased Aa3 on the unaffected side.

The comparison of pre-FES patient parameters with 
healthy controls revealed statistically significant differ-
ences (p < 0.05). Thus, the patients demonstrated re-
duced amplitude of initial hip flexion (Ha1) on the paretic 
side; earlier onset of this flexion (Hx1) on the unaffected 
side; decreased extension amplitude (Ha2) bilaterally 
with earlier phase onset (Hx2) on the paretic side and 
delayed onset on the unaffected side; reduced swing-
phase flexion amplitude (Ha3) on the paretic side with in-
creased amplitude on the unaffected side; and delayed 
onset of this flexion phase (Hx3) on the unaffected side.

In the knee joint, the analysis revealed significant ki-
nematic alterations, i.e., reduced amplitude of first flexion 
(Ka1) on the paretic side accompanied by earlier onset of 
this flexion phase (Kx1) bilaterally; decreased extension 
amplitude (Ka2) with premature phase initiation (Kx2) on 
the paretic side; reduction in flexion amplitude (Ka3) on 
the paretic limb coupled with delayed flexion onset (Kx3) 
on the unaffected side.

In the ankle joint, earlier onset of the first extremum 
phase (Ax1) bilaterally and delayed initiation of full flexion 
(Ax2) on the unaffected side; reduced amplitude (Aa3) 
bilaterally with delayed phase onset (Ax3) on both sides; 
increased amplitude (Aa4) bilaterally and delayed initia-
tion of its phase (Ax4) on the paretic side were noted.

The comparative analysis of kinematic parameters in 
post-FES patients versus healthy controls revealed the 
following statistically significant changes (p < 0.05):

Hip joint
•	 decreased amplitude of initial flexion (Ha1) on paretic 

side,

Table 4. Electromyographic parameters before and after functional electrical stimulation (FES)

Muscle Parameter

Before FES course After FES course

Control group
Paretic side

Unaffected 
side

Paretic side
Unaffected 

side

ТА

TAa1
72*

[33; 95] 
163

[134; 230]
69*

[58; 135]
208*

[178; 278]
159

[118; 186]

TAx1
58*

[4; 60]
10*

[9; 28]
60*

[12; 60]
20*

[9; 26]
1

[1; 2]

TAa2
70*

[58; 104]
143

[118; 215]
71*

[60; 139]
180

[136; 222]
154 

[116; 185]

TAx2
68*

[62; 97]
100

[84; 100]
66* 

[64; 100]
100

[84; 100]
99 

[98; 100]

GSС
GSСa

50*
[27; 81]

145
[133; 163]

70* #
[54; 96]

171#
[164; 208] 

154 
[113; 202]

GSСx
31*

[28; 39]
44*

[35; 47]
37

[32; 40]
39

[35; 47]
39

[37; 40]

QF

QFa1
62

[41; 67]
92*

[72; 109]
62

[52; 84]
89

[67; 174]
63

[41; 86]

QFx1
13*

[10; 17]
21*

[6; 24]
14

[6; 16]
12*

[9; 23]
7

[5; 9]

QFa2
40

[31; 58]
75

[60; 126]
48*

[40; 81]
82

[60; 116]
57

[39; 81]

QFx2
100

[51; 100]
97

[51; 100]
100

[99; 100]
95

[52; 100]
100 

[99; 100]

HM
HMa1

53*
[43; 71]

108
[83; 146]

59*
[40; 79]

129*
[115; 146]

83 
[62; 123]

HMx1
13*

[10; 19]
26

[12; 56]
14

[11; 25]
45

[31; 65]
92

[43; 95]

Table compiled by the authors based on their own data

Note: * — significant differences versus controls, p < 0.05; # — pre-post differences in ipsilateral parameters reached statistical significance, 
p < 0.05; TA — m. tibalis anterior; GSC — m. gastrocnemius; QF — m. quadriceps femoris; HM — hamstrings.
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•	 decreased extension amplitude (Ha2) bilaterally,
•	 earlier extension phase onset (Hx2) on paretic side,
•	 delayed extension phase onset (Hx2) on unaffected 

side,
•	 decreased flexion amplitude (Ha3) on paretic side,
•	 increased flexion amplitude (Ha3) on unaffected side.

Knee joint
•	 decreased initial flexion amplitude (Ka1) on paretic 

side,
•	 earlier initial flexion onset (Kx1) on paretic side,
•	 decreased amplitudes (Ka2 and Ka3) on paretic side,
•	 delayed termination of second flexion phase (Kx3) on 

unaffected side.

Ankle joint
•	 increased first amplitude (Aa1) on paretic side,
•	 earlier first phase onset (Ax1) on paretic side,
•	 decreased second amplitude (Aa2) on paretic side,
•	 delayed second phase onset (Ax2) on unaffected 

side,
•	 decreased third amplitude (Aa3) bilaterally,
•	 delayed third phase onset (Ax3) bilaterally,
•	 increased fourth amplitude (Aa4) bilaterally,
•	 delayed fourth phase onset (Ax4) on paretic side.

Electromyographic parameters

The comparison of muscle bioelectrical activity profiles 
before and after the FES course revealed two statistically 
significant changes (p < 0.05): an increase in the peak 
activity of the gastrocnemius muscle was observed for 
both the paretic and unaffected sides (Table 4).

The comparative analysis of pre-FES electromyo-
graphic parameters between patients and healthy con-
trols revealed the following statistically significant differ-
ences (p < 0.05):

m. tibialis anterior
•	 decreased TAa1 amplitude on paretic side,
•	 delayed TAx1 onset bilaterally,
•	 reduced TAa2 amplitude on paretic side,
•	 earlier TAx2 onset on paretic side,

m. gastrocnemius
•	 reduced GSCa amplitude on paretic side,
•	 earlier GSCx onset on paretic side,
•	 delayed GSCx onset on unaffected side,

m. quadriceps femoris
•	 increased QFa1 amplitude on unaffected side,
•	 delayed QFx1 onset bilaterally,
•	 increased QFa2 amplitude on unaffected side,

Hamstring muscles
•	 reduced HMa amplitude on paretic side,
•	 earlier HMx onset on paretic side.

The comparative analysis of post-FES electromyo-
graphic profiles between patients and healthy controls 
revealed the following statistically significant differences 
(p < 0.05):

m. tibialis anterior:
•	 decreased TAa1 amplitude on paretic side,
•	 increased TAa1 amplitude on unaffected side,
•	 delayed TAx1 onset bilaterally,
•	 reduced TAa2 amplitude on paretic side,
•	 earlier TAx2 onset on paretic side,

m. gastrocnemius:
•	 reduced GCa amplitude on paretic side,
•	 m. quadriceps femoris:
•	 delayed QFx1 onset on unaffected side,

Hamstring muscles:
•	 decreased HMa amplitude on paretic side,
•	 increased HMa amplitude on unaffected side.

DISCUSSION 

Our study revealed minor yet characteristic gait altera-
tions in patients with stroke-associated hemiparesis.

Following the FES therapy course, we observed:
•	 increased Dynamic Gait Index scores,
•	 improved 10-Meter Walk test performance,
•	 decreased Hauser Ambulation Index values,
•	 reduced Timed Up-and- Go (TUG) test completion 

time.
These outcome measures (10-Meter Walk and TUG) 

represent the most frequently reported FES efficacy pa-
rameters in literature [29, 30, 31], with our results be-
ing consistent with existing data. However, other studies 
have incorporated additional clinical measures show-
ing more variable outcomes.

The systematic review by Wang et al. covering 14 
studies with 945 hemiparetic patients demonstrated 
FES-induced improvements in:
•	 Fugl-Meyer Assessment (FMA) scores,
•	 Berg Balance Scale (BBS),
•	 10-Minute Walk test,
•	 Modified Barthel Index (MBI),
•	 Functional Walking Test (FWT) [30].

Conversely, an eight-week FES trial (40  min/day, 
5  days/week, n=92) by Matsumoto et al. failed to 
show statistically significant changes in 10-Meter Walk 
test, Fugl-Meyer Assessment, and Timed-Up-and-Go 
test [32].

The changes in spatiotemporal gait parameters ob-
served in patients prior to the FES course demonstrat-
ed alterations characteristic of this post-stroke period. 
These included:
•	 increased gait cycle duration (GC),
•	 normal stance phase (SP) duration on the paretic 

side with prolonged SP on the unaffected side,
•	 reduced single support time (SS) on the paretic side 

with increased SS on the unaffected side,
•	 increased total double support time (DS),
•	 the beginning of the terminal double limb stance 

phase (BTDLS) timing (earlier on paretic, delayed on 
unaffected side),

•	 decreased foot clearance on the paretic side.
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These biomechanical changes have been previously 
described [9, 10, 11, 12] and represent typical hemipa-
retic gait patterns.

Following FES intervention, we observed:
1.  A minor yet statistically significant increase in the 

double support time bilaterally (p < 0.05) — a compen-
satory mechanism to improve body balance, as stability 
increases when both limbs are weight-bearing.

2.  Increased walking speed, correlating with findings 
from other studies [33, 34].

As a rule, patients with hemiparesis also exhibit kin-
ematic changes: reduced range of motion in the hip, 
knee, and ankle joints on the paretic side. In this case, 
the ankle joint is in slight extension, which reduces clear-
ance and leads (along with other changes) to increased 
circumduction. The paretic side is characterized by re-
duced range of motion in the joints. At the same time, 
the healthy side is forced to compensate for the reduced 
activity of the paretic side. Thus, at low walking speeds, 
even normative kinematic parameters of the unaffected 
side already represent hyperfunction. The later peaks of 
several amplitudes on the unaffected side are the result 
of increased SP. The overall duration of stance phase 
increases, and thus the amplitude peaks also shift and 
occur later in time. 

Following the FES course, only minor kinematic 
changes were observed, primarily on the unaffected 
side. In the available literature, FES is most commonly 
used for post-stroke patients with foot drop; conse-
quently, kinematic changes are typically limited to the 
ankle joint. For instance, Güzel et al. described the posi-
tive effects of a four-week FES course on the ankle joint 
range of motion in patients during the early recovery 
phase after an ischemic stroke [34].

The EMG analysis revealed characteristic hemipa-
retic changes, including reduced activity amplitudes in 
all analyzed muscles on the paretic side. However, less 
pronounced changes were noted in QF compared to 
other muscle groups, both in terms of amplitude and ac-
tivation profile [12, 35]. This particular muscle provides 
knee joint stability, and significant alterations in its activ-
ity make weight-bearing on the paretic limb impossible.

The rehabilitation course resulted in only one sig-
nificant change: an increased GSC amplitude was ob-
served bilaterally. Nevertheless, GSC activity on the pa-
retic side remained more than two times lower than on 
the unaffected side, both before and after FES.

Our results demonstrate that during the early recovery 
period after a cerebral stroke, a three-week rehabilitation 

course in general and with FES application in particular 
objectively led to minor functional improvements. The 
FES training was conducted daily, with patients walking 
the maximum duration until fatigue. Stimulation inten-
sity was also maintained at the maximum tolerable level 
for each patient. According to foreign researchers, FES 
courses are typically conducted over longer periods [36]. 
However, under the conditions of our study, exceeding 
10 procedures proved particularly challenging. This limi-
tation was previously noted in our earlier research into 
gait restoration using biofeedback methods [11, 37].

The duration of rehabilitation measures for patients 
with CNS impairments depends on their Rehabilitation 
Routing Scale (RRS) score, which reflects the degree 
of functional limitations and dependence on assis-
tance for daily activities. According to the Program of 
State Guarantees for Free Medical Care, patients with 
RRS score 4 receive 14-day rehabilitation courses, 
while those with RRS score 5 receive 20-day cours-
es. Typically, gait training begins for patients with RRS 
level 4 functional limitations, implying the actual length 
of rehabilitation between 10–12  days. Objective gait 
assessment is performed upon admission and before 
discharge. 

Our findings indirectly confirm the insufficient du-
ration of CNS rehabilitation courses within the current 
medical rehabilitation system and highlight the need for 
further investigation. 

CONCLUSIONS

All patients included in this study demonstrated typical 
gait impairments associated with hemiparesis during the 
early recovery phase after a stroke. The administered 
course of multichannel FES revealed no adverse reac-
tions. While clinical and biomechanical improvements 
during the FES course were modest, a statistically sig-
nificant increase in gastrocnemius muscle amplitude 
was observed on the paretic side.

Our findings indicate that multichannel FES can 
be safely implemented for gait correction during early 
stroke recovery. However, the short 10-session daily 
treatment protocol failed to produce substantial func-
tional improvements in the stimulated muscles.

Future research should focus on developing FES 
parameter adjustment methodologies tailored to 
specific biomechanical impairments, potentially en-
hancing therapeutic outcomes for gait rehabilitation 
in patients during the early recovery phase after an 
ischemic stroke.
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