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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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BBenmenne. BoccTaHOBKTEIbHOE JIeYeHNMe TALMEHTOB C LETCKUM LiepeOpanbHBIM MapaaidoM HO CHUX IIOD SIB/ISETC
KpajlHe CJIOKHOJ 3ajiadeil. YCTOMYMBEIE 1 HapacTaloljye JBUTATe/IbHbIe OTPAHMYEHNS ¥ TaKuX OONbHBIX 00YC/IOB/IN-
BAIOT [IOXKVM3HEHHYI0 HEOOXOMMMOCTD B JIEYeOHBIX M peabUINTalMOHHBIX MeponpuaTusx. Heitpopeabumurarus geteit
¢ 1epebpanpbHbIM IapaayoM Ha COBPEMEHHOM I3Talle He TOJIBKO BK/IIOYAeT B ceOs TpafyIMOHHBIe CPefCcTBa usnude-
CKOJT peabuanTanyy, Ho M aKTUBHO JICIIO/Ib3YeT METOAMKM pOOOTU3MPOBAHHON MeXaHOTEPANNI i HOBbIe TEXHOMTOIMNI
B obmactu Heripoduanonorvu. OFHOI M3 TaKMX TEXHOJIOTUIL AB/IAETCA HEMHBA3MBHASA YPECKOXKHAs 9/IEKTPOCTUMYILA-
U COIMHHOTO MO3Ta.

Henp nccnegopanusa. VsyunTb BAMAHNE YPECKOXKHON 3ME€KTPUYECKON CTUMYMALUM CIMHHOTO MO3ra Ha JBMUTa-
TellbHble QYHKIVY JleTeil cO CIaCTUYeCKOil AMIIerMell BO BpeMsa poOOTU3MPOBAHHOI MeXaHOTepaluu B CUCTEMe
«JIokomar».

Marepuansl 1 MeTOAbl. B cTaTbe NpencTaBleHO KIMHMYECKOe MCCIefoBaHMe 26 IALMeHTOB B Bo3pacTe OT 6 [0
12 neT ¢ JeTCKUM LiepeOpalbHBIM HapaandoM. 11 marnyeHToB (OCHOBHAsA IPyIIIa) HOMYYMIN KYpPC poOOTH3MPOBAHHOM
MeXaHOTepanuy Ha cucreMe «JIokomar» B COYE€TAaHMM C YPECKOXKHOI SNEKTPUYECKON CTUMY/IALMEN COMHHOIO MO3Ta
u 15 manyeHTOB (KOHTPOJIBbHASL TPYIIIA) IOTYIMIN KYPC TOIBKO POOOTU3MPOBAHHON MEXaHOTEPAIINIL.

Pesynbrarel. CpaBHUTE/IBHBI aHAIN3 B IBYX IPYIIIaX IPOBOAMICA Ha OCHOBAHUM Pe3y/IbTaTOB KIMHUYECKOTO 00-
CIefoBaHMsI C MOMOINbI0 crenuanbHbix mkan (GMFCS, GMFM-88, Modified Ashworth Scale of Muscle Spasticity),
nokomoTopHbIX TecToB (L-FORCE, L-ROM) 1 orjeHKM aKTMBHOCTM MBIIIL] C IIOMOILIbI0 3neKTpomuorpaduu. bsito
YCTQHOBJIEHO, YTO B 00enX IPyImax [ocie Kypca peabumnrauny OTMedaaoch yaydlleHne ABUTATebHBIX (GYHKIUIL,
HO B OCHOBHOII TPYIIIe, I7le MCIOIb30BaNACh YPECKOXKHASA 9NMEKTPOCTUMY/IALNA COMHHOTO MO3Ia, MOJOXXIUTENbHAA
IMHaMMKa 6bl1a 60/mee 3HAYMMOIL.

3aknoyenue. Ha ocHOoBaHMM KNIMHMYECKMX NAHHBIX, M3MEHEHMIT IOKasaTesnell TOKOMOTOpHbIX TecToB L-FORCE
u L-ROM, a Taxxe 1o OljeHKe M3MEHEHUT aKTMBHOCTY MBIIIL MOXXHO 3aK/IIOYNTh, YTO [JBUrAaTeNbHAs peabumInTanus
IeTeil CO CIAaCTMYEeCKON AMIUIEryell ¢ MCIO/Mb30BaHMeM POOOTU3MPOBAHHON MeXaHOTepamuyu B cucteMe «JIokomar»
B COYETAHMN C YPECKOXKHOI SMEeKTPUIECKOI CTUMY/LALIMEN CIIMHHOTO Mo3ra Obina 6oree 3 PpeKTUBHOI IO CpaBHEHMUIO
C pe3y/nbTaTaMi M30/IMPOBAHHOTO IpUMEHEHNsI POOOTU3MPOBAHHOM MeXaHOTEPAINL.

KnroueBbie cnoBa: merckuii nepebpanpusbiit mapanny (JLII), gBurarenpHas peabunurarus, poO6OTU3UPOBAH-
Has MeXaHOTepamlMs, YpeCKOKHasA 9leKTpudeckas CTUMYIAnuA cuuHHoro mosra (Y9CCM), anexTpomuorpadus

(OMI).

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 (GMEFCS) 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:

AL = A() — 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)

1+
FLAIw) = == [a(e di

forms the basis of the wavelet decomposition:

1 '
WIAIw 0 = = [y(w, © - DA™ dr.

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

-
WIAIs = = [y(x - DA@e™ dr,
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where y(t - 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:

1 1

1 tﬁ(tl—t)
+eh

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

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

(%]
o
(=]

Frequency, Hz

parameter values: t; = 0.225 ¢ (225% point of the
window, the zero time is taken each time the
beginning of the window), ¢, = 0.275 ¢ (275" 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

I 21
cp t

where the summation is in the area of time ¢

L A= o

W, AR TR Ao
eI e et R -
12 14 18 18

t, s

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 coeflicient magnitude and the scale level of the
gray shades of the corresponding points are shown
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Frequency, Hz
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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)

and [ is the total spectral power versus time.

In addition, the average power spectrum,
Ip200+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+02 (55 - I,,)/45) Iy000-400)

The coefficients were chosen such that the
threshold was reduced to 0.81 309400y With a large
I, while it was increased to 1.2 ,;09:400) With a
small I,

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

Frequency, Hz

100
sl 1
6 L 4
4 e
of—— .
0 1 2 3 4 5 6 Level

Control group

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: T = ¢ /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
GMEFCS 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

Frequency, Hz
5F - -

4

3¢

0 1 2 3 Bl 5 6 Level

b Study group (+TESSC)

Fig. 3. Levels of motor function in ICP patients on the GMFCS scale: a) control group; b) study group
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Fig. 4. Degree of spasticity of the ICP patients on the Ashworth scale: a) control group; b) study group

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
G Increase in muscle strength of the lower limbs (% patients)
rou
P 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 usin'g1 the L-ROM test before and after the course of robotic
mechanotherapy
G Range of motion in the lower limb joints (degrees)
rou
P 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.
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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,

20 J_______.___.:, ———————

Changes in the motor function

Number of

the patient

Fig. 5. Changes in gross motor functions after treatment

in patients with infantile cerebral paralysis evaluated
according to the GMFM-88 scale

TESSC

Control

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

0.5 4

-
- e

Study group Control group

04 1 f RFr o4 1

0.3 1 0,3

02 02

01 01 4

After Norm Before After Norm

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 (1) and left (I) 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

Before

02 At AL,
S Study group 0217

* = Control group

* Study group

% 1 Control group

01

01 |
W Rl gFIME Gr
* H sFrl TA/H Gl

M rRfrl gFl I8 Gr
M 5@ A Gl

a 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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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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