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SPEECH IMPROVEMENT IN CHILDREN WITH CEREBRAL PALSY BY "BRAIN-COMPUTER-HAND
EXOSKELETON" NEUROINTERFACE REHABILITATION

Pavienko VB &, Viasenko SV, Orekhova LS, Biryukova EA
Vernadsky Crimean Federal University, Simferopol, Russia

As explained earlier, neurorehabilitation sessions involving the use of the non-invasive “brain — computer — hand exoskeleton” interface reduce hand muscle spasticity and
improve motor skills in children with cerebral palsy (CP). However, the changes in the patients’ speech functions and their relationship with the upper limb mobility
have not been analyzed. The study was aimed to assess the correlation between the motor and speech functions of children with CP, as well as to detect the
changes in motor realization of speech production following complex treatment of patients including sessions of neurorehabilitation. The study involved children with
CP aged 6-15. The index group (n = 40, 16 girls, 24 boys) received complex resort treatment with the course of neurorehabilitation, while the comparison group
(n =20, 10 girls, 10 boys) received standard resort treatment. A significant (o < 0.001) correlation between the total ABILHAND-Kids score and the indicators of
speech production motor realization was revealed. In patients of the index group, complex treatment with the course of neurorehabilitation resulted in the significant
(p < 0.001) decrease in hand spasticity and the increase in the total ABILHAND-Kids score and speech scores. No significant changes of these indicators were
revealed in children of the comparison group. Beneficial effects of neurorehabilitation may be based on the enhanced plasticity of the neural circuits responsible
for planning and execution of complex hand movements, as well as speech processes. The findings can be used to develop new methods for correction of motor
and cognitive spheres in children with CP.
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YNYYLWEHUE PEYU Y OETEN C AUN HA ®OHE PEABUIUTALUN C MPUMEHEHUEM
HEWPOUHTEP®ENCA "MO3I-KOMIMbIOTEP-9K30CKEJIET KUCTU"

B. B. MaBneHko =, C. B. BnaceHko, J1. C. Opexosa, E. A. BuptokoBa
KpbIMcknin henepanbHbit yHMBepeuTeT uMenn B. V. Bepraackoro, Cumdeponons, Poccus

Kak 6bl110 nokasaHo paHee, ceaHcbl HelipopeabunuTaLmn ¢ MPUMEHEHEM HEUHBa3MBHOIO MHTEPMECa «MO3r—KOMMBIOTEP—3K30CKENET KUCTN» CHKALOT Y AeTen
C AETCKUM LiepebpaibHbiM napanyoM (ALM) cnracTYHOCTb MbILLLL KUCTY W YyHLLAIOT ABMraTenbHble HaBblki. OfHaKO M3MeHeHMe peseBblX (YHKLMIA MaLMeHToB
N UX CBSI3b C MOABWKHOCTBIO BEPXHVX KOHEYHOCTEN He aHanuanposanu. Llenbio nccnepoBaHus 6bino MpoaHamavpoBaTh CBA3b My ABUraTeNbHbIMI 1
peyeBbIMU hyHKUMaMI geTen ¢ LM, a Takke BbIBUTbL M3MEHEHMSI MOTOPHOW peann3auyn BbiCKasblBaHWS Yy NaLMEeHTOB B pesy/btate KOMMIEKCHOro
NeYeHns, BKIKOHAIOLLIEro ceaHcbl Helpopeabunutauun. B nccnenosaHum npuHany ydactne getr ¢ UM B Bospacte 6-15 net. OcHoBHas rpynna (n = 40,
16 neBo4ek, 24 ManbvMKa) MPOXOAMIa KOMMIEKCHOE CaHaTOPHO-KYPOPTHOE NEYEHVE C KYPCOM Hempopeabunmtaumm, a rpynna cpasHeHns (n = 20, 10 geBo4ek,
10 Masb4vKoB) — CTaHAaPTHOE CaHATOPHO-KYPOPTHOE neveHune. Boisenena ctatnctndeckn aHaqmmas (o < 0,001) B3anMoCBA3b MEXY BEMMHNHON CyMMaPHOro
nokasatens wkasbl «<Bo3mMoxxHocTH knctn — petw» («ABILHANDKIdS») 1 nokasaTensMmn MOTOPHOM peannsaLim BbicKasbiBaHWs. KoMmnekcHas Tepanms ¢ Kypcom
HelpopeabunMTaumy Npueena y NauMeHToB OCHOBHOW MPyMMbl K CTATUCTUYECKM 3HaYMMbIM 13MeHeHMsM (0 < 0,001): CHKEHMIO CMacTUHHOCTY KUCTEN PyK, POCTY
cymmapHoro nokasatens «ABILHANDKIids» 1 nokasatenein peyn. Y geter rpynnbl CPaBHEHVS CTATUCTUHECKM 3HAYUMbBIX U3MEHEHUI OaHHbIX NoKasaTenen He
BbIsiBIeHO. OCHOBOWM MO3WTUBHbIX 3dEKTOB HepopeabnnMTaLm MOXET ObITb YCUNEHME MAACTUHHOCTU HEMPOHHBIX Lienei, KOHTPOMMPYIOLLWX BbINOSHEHNe
CNOXHbIX ABVKEHUIA PYK, @ Takxe pevesble MpoLecchl. [MonydeHHble AaHHbIe MOryT ObiTb MCMONb30BaHbI MPKU pa3paboTke HOBbIX METOAOB KOPPEKL
OBUraTenbHON 1 KOrHUTMBHOM cdepbl aeten ¢ AN,
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Today it is acknowledged that cerebral palsy (CP) is much more
than “postural and motor impairment”, it is often associated
with a broad spectrum of dysfunctions that includes cognitive,
language, and sensory perception disorders [1]. As stated in
the recently published review, 30-87% of patients with CP
have speech disorders [2]. A more severe motor impairment
is associated with the more severe speech disorders [1, 3-5].
The correlation analysis has made it possible to reveal the
relationship between the severity of motor impairment and the
severity of speech disorder in patients with CP aged 10-12 [6].

Similarity of motor and speech disorders associated with CP
is explained by anatomical proximity of the cortical speech and
motor regions, as well as their pathways. Functional similarity of
the speech and motor systems has been also noted: organization
of each speech act and movement requires preserved explicit
kinesthetic perception that goes along with any movement of
articulation and other muscles [2]. That is why the exercises
designed to overcome motor deficits (especially in hands) are
recommended to develop speech functions in children.

Currently, of particular relevance are methods for
rehabilitation of the limb motor functions in patients with CP
based on the use of non-invasive brain-computer interfaces
(BCI) and the principles of biofeedback. Such methods make it
possible to reinforce innate physiological resources of the child’s
brain [7]. Originally, the number of studies showed the potential
for using BCI in children with CP in order to detect when the
patient imagines limb movement or movement intention based
on the analysis of EEG dynamics [8—10]. The children used BCI
to control the cursor movement or various game objects on
the computer screen. The researchers from South Korea, who
used the results of these and some other studies, utilized a BCI
integrated with the electrical stimulator of the wrist extensor
muscles [11]. Electrical stimulation was launched based on the
on-line analysis of EEG parameters when the patient imagined
hand extension. Children with CP showed improvement of the
parameters of hand movement execution and focus after a
series of sessions.

Later the non-invasive “brain-computer-hand exoskeleton”
interfaces that identified typical EEG patterns associated with
kinesthetic motor imagery and triggered movement of the
exoskeleton “gloves” were used for rehabilitation of children
with CP [12, 13]. It has been found that the neurorehabilitation
sessions involving the use of such non-invasive BCls improve
the effectiveness of rehabilitation measures applied during the
resort phase of treatment. As aresult, hand spasticity is reduced,
muscle strength and the range of hand motion are improved,
and the range of everyday skills is expanded. This promotes
socialization of patients with CP. However, the changes in
speech functions of patients have not been analyzed in the
above studies. That is why our study was aimed to assess
the relationship between the motor and speech functions of
children with CP and to detect the changes in the patients’
motor realization of speech production after the complex resort
treatment including sessions of neurorehabilitation.

METHODS
Sample characteristics

The study was performed at the Health and Rehabilitation
Technology Centre (V.I. Vernadsky Crimean Federal University)
and the Gelilovitch “Chaika” Sanatorium for Children and their
Parents for children with neurological disorders (Republic
of Crimea). The study involved 60 children aged 6-15, who
underwent health resort rehabilitation. Inclusion criteria: the
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diagnosis of CP according to ICD-10; hemiparesis with the
motor activity level not exceeding Il according to the Gross
Motor Function Classification System for Cerebral Palsy
(GMFCS) in the patient’s structure of neurological disorder.
Exclusion criteria: refusal to participate in the study obtained
from the patient, his/her parent or legal representative; motor
activity level exceeding lll according to GMFCS; aphasia;
epilepsy not responding to medication; vision problems not
allowing the patient to see the instructions on the screen;
moderate, severe or profound mental retardation (F71-73
according to ICD-10).

The index group included 40 individuals (16 girls, 24
boys) aged 6-15, who underwent complex resort treatment
including the course of neurorehabilitation with the use of the
Exohand-2 “brain—-computer—hand exoskeleton” interface. The
comparison (control) group included 20 children (10 girls, 10
boys) aged 7-13, who underwent complex resort treatment
involving the use of standard methods. It should be noted that
parents more often registered their children for the course of
neurorehabilitation when the children had more severe motor
function impairment. Thus, no randomization when forming
the groups of patients is a limitation of our study. The complex
resort treatment received by both groups of patients included
the following: exercise therapy, paretic muscle massage,
pelotherapy, hydrokinesitherapy in thermal mineral water,
electrical stimulation of muscles that were antagonists of
paretic ones.

Assessment of motor and speech
function parameters

The following scales were used to assess the upper limb
motion range:

1. Modified Ashworth Scale (MAS) allowing the neurologist
to estimate spasticity by assessing the resistance experienced
during passive range of motion using the 5-point scale (0-4).

2. ABILHAND-Kids, the questionnaire allowing the
parents to assess the child’s upper limb motor function
when performing daily activities (3 levels of the ability to
use the skill: "Impossible", "Difficult" or "Easy"). This scale
showed responsiveness and high sensitivity when used to
detect changes after the intense training of children with
CP. It was recommended for monitoring of the patients’
functional state in clinical trials [14]. In addition to standard
action performance indicators (impossible to perform — X0,
difficult to perform — X1, easy to perform — X2), a cumulative
indicator (X) ranging between 0 and 42, which was calculated
according to the formula X = X1+ 2X2, was used to assess
functions in general [12].

Neuropsychological diagnosis of speech disorder in children
was performed in accordance with the guidelines [15]. The level
of motor realization of speech production was assessed by
three methods.

1. Assessment of oral praxis and articulatory motility
(evaluation of lip and tongue movement, pouting stretch
according to the instructions or following the model). The
maximum score was 30.

2. Assessment of pronunciation of sounds (repeating
words). The maximum score was 30.

3. Making sentences based on the pictures (the child was
presented a series of pictures, such as “a boy washes his
hands”, which he/she had to describe using one sentence).
Correctness of word order, agrammatism and paragrammatic
errors were taken into account during the test. The maximum
score was 45.
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Table 1. Hand spasticity scores according to the Ashworth scale in patients of the index and comparison groups before and after treatment (Me [Q,; Q,])

Spasticity (score) Before treatment After treatment P
Index group, n =40
Left hand 2,0[1,5;2,0] 1,0 [1,0; 2,0] p < 0,001
Right hand 2,0[2,0; 3,0] 2,0[1,0; 2,0] p < 0,001
Comparison group, n =20
Left hand 2,0[1,0; 3,0] 1,0[1,0; 2,0] p=0,028
Right hand 2,5[1,0; 3,0] 2,0[1,0; 2,5] p=0,018

Rehabilitation procedures

Each child in the index group had 10 sessions of rehabilitation
procedures involving the use of the complex consisting of non-
invasive BCI and Exohand-2 hand exoskeleton (manufactured
by Exoplast LLC, Moscow, in accordance with RU No. RZN
2018/7681). The non-invasive BCI operation is based on the
analysis of EEG patterns emerging when an individual imagines
hand extension. The program ensures detection of kinesthetic
motor imagery based on the EEG pattern analysis, generates
the visual feedback signal and issues commands to control the
hand exoskeleton.

During neurorehabilitation training the patient was seated
in a chair in front of the computer monitor, on which visual
instructions were displayed. Hands were housed inside the
exoskeleton “gloves”. There was a white round mark for gaze
fixation in the center of the screen with three arrows around
it, which changed color to mark the instructions. The patient
executed the following commands: to relax, to kinesthetically
imagine the left or right hand extension. To produce a particular
kinesthetic image when imagining movement, the children were
instructed as follows: “Imagine you have a small ball in your
hand, you open your hand and drop it. Feel this movement”.
When the patient executed the task precisely, the mark for
gaze fixation changed its color to green (the color intensity was
dependent on EEG parameters), the exoskeleton executed the
appropriate movement, and the hand was passively extended.
Thus, the combined visual and kinesthetic feedback signal was
generated.

Initial assessment of the upper limb motion range and
speech function parameters in children of the index and
control groups was performed on day two after admission
to the sanatorium. The index group patients took a course of
neurorehabilitation consisting of 10 sessions (every day except
Sunday) starting from day three of resort treatment according
to the same scheme: three times per session of 8 min with
a rest break of at least 5 min. The motor imagery task for

each hand was repeated 24 times during the session. The
percentage of correct answers of the classifier (which triggered
the exoskeleton and ensured passive extension of the hand)
during the first and second session was about 60%, while after
the patient’s training, by the end of the course, it reached 75-80%.
On the next day after the end of the course (day 14-15 of stay
in the sanatorium) the data on motor and speech activity of
the index group patients were acquired again. Parameters of
controls were also assessed on day 14—15 of resort treatment.

Other details of the method have been reported earlier [12, 16].

Statistical analysis

Statistical data processing was performed using the Statistica
12 software (StatSoft Inc.; USA). The distribution of the studied
indicators was assessed using the Shapiro-Wilk test. When
the distribution was normal, the data were presented as mean
and standard error of the mean; the Student's t-test was used
to assess intergroup differences. When the distribution was
non-normal, statistical data were presented as median and
interquartile range (Me [Q,; Q,]); the Mann-Whitney U test was
used to assess the intergroup differences, while the intragroup
differences were assessed using the Wilcoxon signed rank test.
Sperman’s rank correlation was used to calculate the correlation
coefficients. The differences and correlation coefficients were
considered significant at p < 0.05.

RESULTS

Characteristics of motor and speech functions before
rehabilitation procedures

The average age of children in the index and control groups
was 10.2 + 0.4 and 10.1 + 0.3 years, respectively, there
were no significant differences (p = 0.92). Among patients of
the index group, left-sided hemiparesis was revealed in 11
individuals, and right-sided hemiparesis was found in 29 study

Table 2. Everyday activity management scores according to the ABILHAND-Kids scale in patients of the index and comparison groups before and after treatment (Me

[Q; Q)
Everyday activity management Before treatment After treatment p
(score)
Index group, n =40
Impossible 1,5[0,0; 7,0] 0,0 [0,0; 6,0] p = 0,001
Difficult 8,0 [3,5; 14,0] 7,0[3,0; 13,0] p=0,055
Easy 6,0 [0,0; 12,0] 7,0[0,0; 16,0] p < 0,001
Total score 23,0 [14,0; 33,0] 27,0 [16,0; 37,0] p < 0,001
Control group, n=20
Impossible 2,0[0,5; 4,5] 2,0[0,0; 3,0] p=0,068
Difficult 9,0 [6,0; 13,0] 8,0 [6,0; 13,5] p=0,593
Easy 7,0 [4,0; 12,0] 7,0 [4,0; 12,0] p=0,593
Total score 27,5 [13,5; 33,0] 27,5 [15,5; 32,5] p=0,593
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Table 3. Motor realization of speech production in patients of the index and comparison groups before and after treatment (Me [Q,; Q,])

Spasticity (score) Before treatment After treatment P
Index group, n= 40
Oral praxis and articulation 20,0 [13,0; 25,0] 24,0 [16,0; 27,0] p < 0,001
Pronunciation of sounds 18,0 [12,0; 26,0] 20,0 [12,0; 28,0] p < 0,001
Sentence making 22,0 [5,0; 35,0] 25,0 [6,0; 40,0] p < 0,001
Comparison group, n = 20
Oral praxis and articulation 23,0 [14,0; 27,0] 28,0 [15,5; 26,0] p =0,800
Pronunciation of sounds 21,5 [12,0; 25,0] 21,5 [13,0; 25,0] p=0,109
Sentence making 24,0 [18,5; 36,0] 25,5 [19,0; 37,0] p=0,237

participants. In the comparison group (controls), left-sided
hemiparesis was revealed in seven children, and 13 children
had right-sided hemiparesis. Among patients with left-sided
hemiparesis the total ABILHAND-Kids score was 27 [19; 34],
while children with right-sided hemiparesis had a slightly lower
score, 23 [12; 32]. However, the differences in this parameter
between patients with left-sided and right-sided hemiparesis
were non-significant (o = 0.27). The patients with right-sided
hemiparesis also had lower scores for pronunciation of sounds,
oral praxis and sentence making than children with left-
sided motor impairment, however, the differences were non-
significant (p = 0.18-0.93).

The hand spasticity scores of patients of the index and
comparison groups are provided in Table 1, the ABILHAND-
Kids scores for daily activity management are presented in
Table 2, and the characteristics of motor realization of speech
production are provided in Table 3. There were no significant
differences between the scores of the groups before treatment.

Calculation of the Spearman’s rank correlation coefficients
showed that the left hand spasticity scores determined in all
the surveyed children (n = 60) before treatment negatively
correlated with the scores for oral praxis, articulatory motility,
pronunciation of sounds, making sentences from pictures
(r = -0.37, -0.36, -0.30 at p = 0.004, 0.005 and 0.019,

respectively). The right hand spasticity scores correlated
significantly with the scores for pronunciation of sounds (- = -0.49
at p < 0.001), i.e. the higher the level of hand spasticity, the
lower the level of speech production motor realization. The
total ABILHAND-Kids score and the scores for oral praxis,
pronunciation of sounds and making sentences from pictures
shows a significant (o < 0.001 in all cases) positive correlation
(r=0.69, 0.62, 0.62, respectively), i.e. the better preserved the
upper limb function, the higher the level of speech production
motor realization. An example of such correlation between the
score for hand function and the ability to adequately pronounce
sounds is provided in Fig.

Characteristics of motor and speech functions after
rehabilitation procedures

A significant decrease in the left and right hand spasticity
after both standard resort treatment and complex treatment
including the course of neurorehabilitation was revealed in both
groups of children (Table 1). However, the analysis of daily
activity management based on the parent-reported data (total
ABILHAND-Kids score) made it possible to reveal a significant
improvement in the index group only (Table 2). The significant
improvement of the speech production motor realization level
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Fig. Correlation between the ABILHAND-Kids scores and scores for pronunciation of sounds in 60 children with CP
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was also found only in the index group children (Table 3).
Oral praxis, pronunciation of sounds and making sentences
from pictures are the components of speech ability and can
be considered as the repeated measurements requiring the
use of Bonferroni correction for four comparisons. However,
significance of differences is retained after applying the
correction (as can be seen from p-values).

It should be noted that no significant differences in the
studied indicators have been found after treatment. This may
be due to the fact that children with the slightly lower scores for
everyday skills and motor realization of speech production were
included in the index group, where the more complex treatment
including the course of neurorehabilitation was used, because
of their parents’ desire. Their scores did not significantly exceed
that of the comparison group even after treatment.

Meanwhile, the following facts further indicate the efficiency of
complex resort treatment that involves rehabilitation procedures
including the course of neurorehabilitation. In the index group
consisting of 40 children, oral praxis and articulation improved
in 33 individuals (83%), pronunciation of sounds improved in 24
(60 %), and sentence making improved in 31 patients (78%).
Among 20 children of the comparison group who received
standard resort treatment only, improvement of scores for oral
praxis and articulation associated with pronunciation of sounds
was found only in three individuals (15%), while the sentence
making improvement was revealed in four patients (20%).

DISCUSSION

We have gathered evidence suggestive of the correlation
between the upper limb function parameters and the level
of speech production motor realization. The findings confirm
the theory that actions including the sequence of fine motor
skill components and actions that ensure speech production
involve the same cognitive and motor neural network [3]. It has
been shown that hand function improvement following a series
of neurorehabilitation sessions in children with CP is associated
with the increase of scores for oral praxis, articulation,
pronunciation of sounds and making sentences from pictures.
Such combination of changes may me based on the plasticity
processes enhancement not only in the neural circuits of
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