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Introduction. Rehabilitation of patients with cerebral palsy (CP) remains a very difficult task . Stable and growing 
movement restrictions in such patients cause a life-long need for treatment and rehabilitation . Neurorehabilitation of 
children with CP at various stages includes not only traditional physical rehabilitation methods, but also extensive use 
of robotic mechanotherapy techniques and new technologies in the field of neurophysiology . One of such technology 
is non-invasive percutaneous electrical stimulation of the spinal cord .
Aim of the study: To assess the effect of transcutaneous electrical stimulation of the spinal cord to improve the motor 
function of children with spastic diplegia using the “Lokomat” robotic mechanotherapy system .
Materials and methods. A clinical rehabilitation study of 26 patients aged 6–12 years with CP was conducted . The 
treatment group included 11 patients who received one course of robotic mechanotherapy using the “Lokomat” system 
combined with transcutaneous electrical stimulation of the spinal cord . The control group included 15 patients who 
received one course of robotic mechanotherapy only .
Results. A comparative analysis of the two groups based on the results of clinical examinations using specific scales 
(GMFCS, GMFM-88, Modified Ashworth Scale of Muscle Spasticity), locomotor tests (L-FORCE, L-ROM), and 
evaluations of muscle activity using electromyography showed that one course of rehabilitation resulted in improvement 
in motor function in all patients of both groups, but positive dynamics were more significant in the treatment group 
that underwent percutaneous electrical stimulation of the spinal cord .
Conclusion. Based on clinical data, changes in indicators of the locomotor tests L-FORCE and L-ROM, as well as 
assessment of changes in muscle activity, showed that motor rehabilitation of children with spastic diplegia using the 
“Lokomat” robotic mechanotherapy system combined with transcutaneous electrical spinal cord stimulation was more 
effective than robotic mechanotherapy only .

Keywords: cerebral palsy, motor rehabilitation, robotic mechanical therapy, transcutaneous electrical stimulation of 
spinal cord, electromyography .
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Введение. Восстановительное лечение пациентов с  детским церебральным параличом до сих пор является 
крайне сложной задачей . Устойчивые и  нарастающие двигательные ограничения у  таких больных обусловли-
вают пожизненную необходимость в лечебных и реабилитационных мероприятиях . Нейрореабилитация детей 
с  церебральным параличом на современном этапе не только включает в  себя традиционные средства физиче-
ской реабилитации, но и активно использует методики роботизированной механотерапии и новые технологии 
в  области нейрофизиологии . Одной из таких технологий является неинвазивная чрескожная электростимуля-
ция спинного мозга .
Цель исследования. Изучить влияние чрескожной электрической стимуляции спинного мозга на двига-
тельные функции детей со спастической диплегией во время роботизированной механотерапии в  системе 
«Локомат» . 
Материалы и  методы. В  статье представлено клиническое исследование 26 пациентов в  возрасте от 6 до 
12 лет с детским церебральным параличом . 11 пациентов (основная группа) получили курс роботизированной 
механотерапии на системе «Локомат» в  сочетании с  чрескожной электрической стимуляцией спинного мозга 
и 15 пациентов (контрольная группа) получили курс только роботизированной механотерапии . 
Результаты. Сравнительный анализ в двух группах проводился на основании результатов клинического об-
следования с  помощью специальных шкал (GMFCS, GMFM-88, Modified Ashworth Scale of Muscle Spasticity), 
локомоторных тестов (L-FORCE, L-ROM) и  оценки активности мышц с  помощью электромиографии . Было 
установлено, что в  обеих группах после курса реабилитации отмечалось улучшение двигательных функций, 
но в  основной группе, где использовалась чрескожная электростимуляция спинного мозга, положительная 
динамика была более значимой .
Заключение. На основании клинических данных, изменений показателей локомоторных тестов L-FORCE 
и   L-ROM, а  также по оценке изменений активности мышц можно заключить, что двигательная реабилитация 
детей со спастической диплегией с  использованием роботизированной механотерапии в  системе «Локомат» 
в сочетании с чрескожной электрической стимуляцией спинного мозга была более эффективной по сравнению 
с результатами изолированного применения роботизированной механотерапии . 

Ключевые слова: детский церебральный паралич (ДЦП), двигательная реабилитация, роботизирован-
ная механотерапия, чрескожная электрическая стимуляция спинного мозга (ЧЭССМ), электромиография 
(ЭМГ) .

introduction

Infantile cerebral paralysis (ICP) is a group of 
syndromes of the central nervous system lesions 
associated with non-progressive disease conditions 
caused by exposure of the developing brain of a 
fetus or child during the prenatal, intranatal, or 
early postnatal periods, to damaging agents [1] . 
Brain damage manifests as a disorder of muscle 
tone, formation of paresis and paralysis of limbs, 
and body position and movement disorders, leading 
to limitations of the patient’s social activities [1] . 
Movement disorders associated with ICP are 
usually accompanied by cognitive and behavioral 
impairment, speech disorders, disorders of hearing 
and visual functions, and epileptic seizures [1] . 
Persistent movement disorders lead to the formation 

of multiple contractures and secondary deformities 
of bone segments of the limbs, which are formed 
and progress during the course of growth and 
development of the child [2] . Although ICP is not a 
progressive disease, its complications can aggravate 
during the course of the patient’s disability . Persistent 
and growing movement restrictions in patients 
with cerebral paralysis result in the requirement for 
lifelong treatment and rehabilitation .

The rehabilitation treatment of ICP patients 
remains a very challenging task . The therapeutic 
methods administered to ICP pediatric patients are 
usually aimed to control spasticity, hyperkinesis, 
and epileptic seizures, but do not yield the desired 
results and success with regard to the management 
of orthopedic complications . Therefore, physical 
rehabilitation in these patients is very challenging 
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and does not always result in the improvement of 
motor function [3-6] . Recent studies have shown that 
the use of contemporary high-tech and associated 
forms of assistance can bring tangible results in 
solving this problem . A treatment strategy, which 
includes neurological, orthopedic, and neurosurgical 
treatment, followed by neurorehabilitation has been 
recognized as the most effective treatment option 
for these patients to date [6-8] .

The neurorehabilitation of pediatric patients 
with cerebral paralysis not only includes the 
traditional means of physical rehabilitation, but 
also makes extensive use of robotic technologies 
[9-12] and other novel advances in the field of 
neurophysiology . One such technology is the non-
invasive electrical stimulation of the spinal cord 
[13] . Studies focusing on percutaneous spinal 
electrical stimulation in ICP patients, which indicate 
the efficiency and prospects of this technique in 
the motor rehabilitation of pediatric patients with 
spastic paralysis, have emerged in the literature 
[14] .

The study aimed to examine the effect of 
transcutaneous electrical stimulation of the spinal 
cord (TESSC) during robotic mechanotherapy 
using the “Lokomat” system on motor functions of 
pediatric patients with spastic diplegia .

materials and methods

In total, 26 patients aged 6–12 years (mean 
age ± standard deviation, 8 .6 ± 3 .4 years) with 
spastic diplegia, a type of ICP, were enrolled in the 
present study . The degree of mental development 
disorder was assessed as mild or moderate, and all 
patients were able to establish contact and could 
perform the instructor’s tasks well . All patients 
previously received the step-by-step surgical 
or conservative orthopedic treatment aimed at 
eliminating muscle spasticity and contractures 
of the lower extremities . After each step, patients 
underwent rehabilitation to enhance motor 
activity . Depending on the variants of restorative 
treatment, patients were divided into two groups: 
a study group and a control group . The study 
group included 11 pediatric patients who received 
15 procedures with robotic mechanotherapy using 
the “Lokomat” system, each lasting 45 minutes, 
in combination with TESSC . The control group 
included 15 pediatric patients who also received 

15 procedures of the robotic mechanotherapy, each 
lasting 45 minutes, but without the use of TESSC 
[15] .

To evaluate the treatment outcomes, the 
following methods were used:

1 . The Modified Ashworth Scale of Muscle 
Spasticity . The degree of muscle spasticity of 
the lower limbs was evaluated before robotic 
mechanotherapy and after its completion [16] .

2 . The Gross Motor Function Classification 
System (GMFCS) for the assessment of the level 
of motor skill development and the Gross Motor 
Function Measure (GMFM) . The evaluation of 
the motor function level and changes in gross 
motor functions in pediatric patients with cerebral 
paralysis were completed at the beginning and at 
the end of the mechanotherapy course [17] .

3 . The L-FORCE test is a standard test included 
in the software of the simulator “Lokomat” . It 
evaluates isometric muscle strength in newton 
meters (Nm) in four groups of muscles: femoral 
flexors/extensors and tibial flexors/extensors on the 
right and left lower extremities .

4 . The L-ROM test is a standard test included in 
the software of the “Lokomat” system . It estimates 
the amount of passive motion in the flexion and 
extension of the knee and hip joints (in degrees) .

5 . Assessment of lower limb muscle activity .
Assessment of muscle activity was performed via 

telemetry recording of the electrogenesis of lower 
limb muscles during the patient’s independent step 
movements on the “Lokomat” system treadmill belt . 
The patient was secured in a simulator “Lokomat” 
and raised above the treadmill so that he/she could 
make step movements on the moving belt . The 
treadmill belt speed was selected so that the patient 
did not lose contact with the belt while walking, 
and it ranged from 0 .3 to 1 .5 km/h [18] .

Assessment of muscle activity was performed 
as follows: signal filtering from the power-supply 
noise of 50 Hz was performed using the following 
formula:

Af(t) = A(t) – A(t – 0 .02),

where A(t) is the initial EMG signal .
Thus, from the current signal, the same signal 

shifted forward by 0 .02 was subtracted . Also, the 
signal was filtered from the low-frequency artifacts 
to 20 Hz . The time interval in which the signal was 
studied was approximately 20 s and was selected 
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manually to ensure a well-established periodic 
motion during this interval . The spectrum of the 
EMG signal had a limited range of 20–500 Hz . 
Therefore, according to the Nyquist-Shannon 
sampling theorem, the frequency of signal digitizing 
was chosen as 1 kHz . The Fourier spectrum was 
created within the range of 20–500 Hz .

The Fourier transform of the EMG signal A(t)
+∞

F[A](w) =
1

∫A(t)e–iwt dt√2π –∞

forms the basis of the wavelet decomposition:
+∞

W[A](w, t) =
1

∫ψ(w, τ – t)A(τ)e–iwτ dτ .√2π –∞

A special case of the wavelet decomposition is a 
short-time Fourier transform

∞

W[A](w, t)=
1

∫ψ(τ – t)A(τ)e–iwτ dτ,√2π
–∞

where ψ(τ – t)   is the window function, in this 
case, 500 points (0 .5 s) . The Fourier transform is 
constructed for this window with a further bias of 
10 points (0 .01 s) . The window is not of rectangular 
type, but with edges smoothed to zero with the 
help of two Fermi-Dirac functions:

x(t) = A(t) 
1 2

1 1
( ) ( )

1 1

1 1
n nt t t t
t te e

− −
⋅

+ +

 = A(t) · ψ(t),

where t1 is the beginning of the active window, t2 
is the end of the active window, n is logarithmic 
decay rate of the signal emitted, and A(t) is the 
initial EMG signal .

Good results in the construction of the picture 
of wavelet decomposition give the following 

parameter values: t1  = 0 .225 c (225th point of the 
window, the zero time is taken each time the 
beginning of the window), t2 = 0 .275 c (275th point 
of the window), n = 7 . Using these parameters, the 
quality correspondence of the short-time Fourier 
transform to the wavelet decomposition, which is 
constructed by standard methods, such as the Morlet 
wavelet, was achieved . Thus, 500 points, of which 
50 are active, were allocated for the window, and 
outside of the active site there is a sharp decrease 
in the signal to avoid the oscillatory artifacts at the 
low frequency region of the Fourier spectrum . The 
Fourier transform was constructed in the window 
described above, and the dependences of the 
coefficients of the Fourier spectrum were calculated 
based on time and frequency . Spectral coefficients 
were displayed on the time-frequency plane where 
the point color corresponds to the coefficient value, 
and thus the characteristic pattern of the wavelet 
decomposition was obtained [19] (Fig . 1)

EMG signal level was normalized so that the 
maximum coefficient of the Fourier spectrum of the 
entire record was equal to 64, which corresponds to 
the white color of the gray shade scale .

the relative time of the active state

Active state of the muscle and the relative 
time of the active state were determined on the 
wavelet decomposition . For this, the threshold that 
distinguishes between the resting and active states 
was determined . The average power of the spectrum 
was determined as

Icp =
ΣI
t

where the summation is in the area of time t 

Fig. 1. Characteristic pattern of the wavelet decomposition of the EMG signal . The record of VL of a healthy child’s right 
leg is presented . On the right, the scale of correspondence of the spectral coefficient magnitude and the scale level of the 

gray shades of the corresponding points are shown
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and I is the total spectral power versus time .
In addition, the average power spectrum, 

Icp(200÷400), in the range of 200–400 Hz on the 
selected time interval was calculated . A high 
frequency range was chosen owing to the high 
frequency signal components of the active force 
EMG . In addition, the EMG spectrum in the high-
frequency range correlates well with the power 
developed by the muscle .

The threshold for determining the active state 
of muscle was analyzed as the following ratio:

L = (1 + 0 .2 (5 .5 – Icp)/4 .5) Icp(200÷400) .

The coefficients were chosen such that the 
threshold was reduced to 0 .8Icp(200÷400) with a large 
Icp, while it was increased to 1 .2Icp(200÷400) with a 
small Icp .

At each moment, for the area under study of 
the wavelet decomposition, the threshold L and 
the spectral power were compared at a given time 
in the range of 200–400 Hz . When this power 

value was above the threshold, the time point was 
considered “active”, and when this power value was 
below the threshold, the time point was considered 
“passive” (Fig . 2 .) .

Relative duration of activity was defined as the 
ratio of active time to the duration of the entire 
study area of the electromyogram as follows:

 
τ = ta/t.

All studies were performed twice in each patient, 
once at the beginning and once at the end of 
robotic mechanotherapy . For comparison, standard 
values of the studied parameters were determined 
in 10 healthy children of the same age group .

Results and discussion

In the present study, pediatric patients with 
motor skill development levels of 2–4 on the 
GMFCS scale were included . The motor skill 
development levels remained constant throughout 
the study, as they cannot change significantly in 
a short period of time, even with very intensive 

Fig. 2. Example of release of the active and the passive state: a) extracting the state of the muscle from the EMG wavelet 
decomposition; b) the extracted dependence of the state of muscle activity (0 - passive, 1 - active)
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Fig. 3. Levels of motor function in ICP patients on the GMFCS scale: a) control group; b) study group
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rehabilitation . Results of the motor function 
evaluations on the GMFCS scale in ICP pediatric 
patients are presented in Fig . 3 .

Degree of muscle spasticity of the lower limbs 
in the majority of patients amounted to 1–2 points 
on the Ashworth scale . This value also remained 
constant during the study owing to the low 
sensitivity to short courses of rehabilitation . The 
findings of the evaluations are shown in Fig . 4 .

The findings presented in Fig . 3 and 4 show 
that the study and control groups were clinically 
homogeneous: differences on the GMFCS (3 .2 ± 0 .17 
and 2 .9 ± 0 .23, respectively) and degree of spasticity 
(1 .8 ± 0 .21 and 1 .6 ± 0 .22 points, respectively) were 
not statistically significant (p > 0 .05) .

Changes in gross motor functions, evaluated 
on the GMFM-88 scale, were observed during the 
study in the majority of patients . The results are 
presented in Fig . 5 .

Data in Fig . 5 show that 90% of patients in the 
study group had positive motor function results, 

measured on the GMFM-88 scale, at the end of the 
course of robotic mechanotherapy in combination 
with TESSC . The average score had increased by 
9 .9 ± 4 .3%, measured on the GMFM-88 scale, at 
the end of the course of rehabilitation . Thus, for 
patients in this group, positive dynamics, consisting 
of an increase in the average value of motor 
functions on the GMFM-88 scale, were evident . In 
the control group, only 50% of patients had positive 
outcomes in the assessment of motor functions 
on the GMFM-88 scale at the end of the course 
of robotic mechanotherapy . The increase in the 
average value of lower extremity motor functions in 
this group was insignificant and amounted to only 
2 .5 ± 0 .78%, which was significantly lower than 
what was observed in the study group (p < 0 .05) .

Results of the assessment of muscle strength 
and range of motion in the lower limbs, obtained 
using the locomotor tests of the “Lokomat” 
L-FORCE and L-ROM systems, are presented in 
Tables 1 and 2 .

Table 1
change� in� the� indicators� of� the� l-FOrcE� test� at� the� end� of� the� course� of� robotic�mechanotherapy

Group 
Increase in muscle strength of the lower limbs (% patients)

Flexion of the hip joint Extension of the hip joint Flexion of the knee joint Extension of the knee joint
Study 60 45 70 55
Control 36 36 33 36

Table 2
range�of�motion� in� the� hip� and� knee� joints� using� the� l-rOm� test� before� and� after� the� course� of� robotic�

mechanotherapy

Group
Range of motion in the lower limb joints (degrees)

Left hip joint Right hip joint Left knee joint Right knee joint
Normal limits 51 ± 6 50 ± 20

Before After Before After Before After Before After

Study 25 ± 12 34 ± 13* 24 ± 10 35 ± 15* 15 ± 9 22 ± 16* 13 ± 8 18 ± 15*
Control 25 ± 10 33 ± 11* 25 ± 13 34 ± 12* 22 ± 14 25 ± 15 21 ± 15 21 ± 14

Note: * p < 0 .05 denotes a significant difference between the conditions before and after .

а  b
Fig. 4. Degree of spasticity of the ICP patients on the Ashworth scale: a) control group; b) study group

Frequency, Hz Frequency, Hz

Points Points
Study group (+TESSC)Control group
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Thus, according to the study results, a significant 
increase (Mann–Whitney U test, p < 0 .05) in the 
range of motion was observed in the right and left 
hip joints in both the study and control groups after 
the course of rehabilitation; for the right hip joint, 
this increase was greater in the study group than 
that in the control group . A significant (p < 0 .05) 
increase in the range of motion in the left and right 
knee joints was observed only in the study group .

Assessment of muscle activity

Fig . 6 shows the average values of the relative 
duration of the active state of each muscle in the 
study and control groups . Muscle activities before 
and after the rehabilitation procedures are shown .

Data from both groups show that, in almost all 
studied muscles, before the onset of rehabilitation, 

the relative duration of active state of muscles 
was significantly increased compared with that in 
healthy children (Fig . 7) . In the study group (with 

Fig. 6. Relative duration of muscle activation in the study (mechanotherapy with TESSC) and control (without TESSC) 
groups before and after rehabilitation with arbitrary stepping motions in the air . Data on the quadriceps muscle (RF) 
of the thigh, the biceps muscle (BF) of the thigh, the anterior tibial muscle (TA), the gastrocnemius muscle (G), the 
right (r) and left (l) legs, are shown . For healthy subjects (NORM), the average values for each muscle in both legs are 
presented . Statistically significant differences for the changes in relative duration of the active state of muscles before and 

after treatment are denoted by * p < 0 .05

а     b
Fig. 7. Changes in relative duration of active state of the muscles in the study and control groups before and after 
mechanotherapy with independent stepping motions in the air (a) and during walking on the treadmill belt (b) . The 
muscles are marked as in Fig . 6 . *p <0 .05 denotes statistically significant differences in the change of relative duration of 
active state of muscles in different groups of pediatric patients . Statistical differences of progress were compared only for 

the same muscles
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Control group

∆ta
t
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Fig. 5. Changes in gross motor functions after treatment 
in patients with infantile cerebral paralysis evaluated 

according to the GMFM-88 scale
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TESSC), a significant decrease in the duration of 
active state towards normalization was observed 
in the biceps and the anterior tibial muscles after 
rehabilitation, while an increase was observed in 
all muscles in the control group . Comparative 
assessment of the change in the average relative 
duration of active state of muscles before and after 
medical procedures is presented in Fig . 7 . Because 
increased muscle activity in pediatric patients with 
ICP is associated with spasticity, positive changes 
in the values of this parameter are indicated by a 
reduction of the relative duration of active muscle 
state . In the control group, negative changes in 
this parameter are generally indicated by increase 
duration of active muscle state after the procedures, 
i .e ., the preservation of the pathological mechanisms 
of muscle involvement in motor action .

Thus, examination of the electromyographic activity 
of muscles in the step cycle revealed that robotic 
mechanotherapy with TESSC contributes to a change 
in muscle activity patterns towards normalization, 
while rehabilitation without TESSC is ineffective, or in 
some cases, may worsen patient outcomes .

Conclusion

We concluded based on our findings, that 
motor rehabilitation of ICP pediatric patients using 
a robotic complex “Lokomat” in combination with 
TESSC was more effective than rehabilitation with 
only the “Lokomat” system .
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