ORIGINAL ARTICLES. Clinical neurology
Interactive brain stimulation in stroke rehabilitation

© Khrushcheva N.A., Kalgin K.V,, Savelov A.A., Shurunova A.V,, Predtechenskaya E.V., Shtark M.B., 2024 ") Check for updates @

Changes in Clinical and Network Functional
Connectivity Parameters in Motor Networks
and Cerebellum Based on Resting-State Functional
Magnetic Resonance Imaging Data in Patients
with Post-Stroke Hemiparesis Receiving

Interactive Brain Stimulation Neurotherapy

Nadezhda A. Khrushcheva', Konstantin V. Kalgin', Andrey A. Savelov?,
Anastasia V. Shurunova®, Elena V. Predtechenskaya’, Mark B. Shtark’

'Federal Research Center of Fundamental and Translation Medicine, Novosibirsk, Russia,
“International Tomography Center, Novosibirsk, Russia;
Novosibirsk State University, Novosibirsk, Russia

Abstract

Introduction. Interactive brain stimulation (IBS) neurotherapy is an advanced neurofeedback technology (NFB) that involves the organization
of a feedback “target” based on signals recorded by functional magnetic resonance imaging (fMRI) and electroencephalography (EEG). The NFB
allows patients to volitionally self-regulate their current brain activity and may therefore be a useful treatment option for diseases with altered
activation and functional connectivity (FC) patterns.

Our objective was to assess the effects of IBS on the FC changes in motor networks and correlations between clinical and network parameters in
patients with post-stroke hand paresis.

Materials and methods. Patients with a history of stroke < 2 months were randomized into a main group (n = 7) and a control group (n = 7).
All the patients followed the stroke physical rehabilitation for 3 weeks. The main group received IBS training, where the patients learned to imagine
movements of the paretic hand trying to amplify the fMRI signal from the primary motor cortex (M1) and the supplementary motor area (SMA) on
the lesion side with simultaneous desynchronizing the u- and -2 EEG rhythms in the central leads. Clinical tests and MRI were performed prior
to and immediately after the treatment. FC matrices were constructed using CONN software based on resting-state fMRI data.

Results. By the end of the training, MI-M1 functional connectivity in the control group weakened, while no changes were observed in the main
group. The FC strength was positively correlated with the grip strength (p = 0.69; p < 0.01) and with the results of the Box and Blocks test (BBT
score, p = 0.72; p < 0.01) and the Fugl-Meyer assessment for upper extremity (FM-UE score, p = 0.87; p < 0.005). Ipsilesional SMA connectivity with
contralesional cerebellum weakened (p < 0.05 in the main group). Its strength was negatively correlated with the BBT and FM-UE scores (both tests
p =-044; p <0.05).

Conclusions. Volitional control of M1 and SMA activity in the lesion hemisphere during the post-stroke IBS training alters the architecture
of the entire motor network affecting clinically significant FC types. We studied a possible mechanism of this technology and its potential use
in treatment programs.
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AnHoTanusg

Beedenue. Hrmepaxmueras mepanus (cmumynsyus) mosea (MCM) — amo paseumue mexHonozuu Hetipobuoynpasnenus (HBY), npednonazarowsee
0p2aHU3aYUI0 0OPAMHOI CBA3U N0 CUZHANAM (YHKYUOHATLHOL MAZHUMHO-pe30HaHcHol momozpauu (pMPT) u anexmpoanyedanozpaduu. HEY
103860/15leMm UCNbIMyeMbLM NPOU3BOTILHO Pe2yauposany mexyusyio Mo3208yio GKMUBHOCMb U NOMOMY Moxem OblMmb NONE3HbIM JeueOHbIM UHCTpY-
MeHMOM npu 3a60NeBaHUAX C UBMEHEHHbLMU NAMMEPHAMU aKMUBAUUU U (yHKYUOHATbHbLX cesrocmetl (OC).

Lienw uccnedoganus — oyenumy enusHue UCM Ha dunamuxy OC MOMOPHOLL cemu u KIUHUKO-Cemesble KOpPeasyuul y O0JbHbIX ¢ NOCMUHCYbM-
HbLM Nape3oM PyKu.

Mamepuanst u memodst. BonvHble ¢ urcynsmom dasHocmyio 0o 2 Mec paHOOMUBUPOBAHbL 8 0CHOBHYIO (N = 7) u KoHmpoabHyio (n = 7) epynnsl. Bee
npoxodunu Kypc usuteckoti peabunumayuu 8 meuenue 3 ed; ocHosHas zpynna 6 kypce UCM o6yuanace oobpaxamo dsuxeHue napemuuHol
pyku mak, umo6sl dobumscs ycunenus cuekana GMPT nepsuuroli momopHoli kopet (M1) u dononnumensHoii momopHoii obnacmu (SMA) Ha cmo-
POHE nopaxerus ¢ 00Ho8peMeHHoLl decunxporu3ayueti i- u f-2 pummos anexmposHYeQanozpammsl 8 YeHmMpanbHolx omeedeHusx. Knunuyeckue
u MPT-uccnedosarus nposodunu do u cpasy nocne neuenus. Mampuyst @C cmpounu 8 npoepamme «CONN»> no dannvim MPT noxos.
Pesynsmamt. K konyy kypca @C MI-MI & konmponbHoii 2pynne cmana ciabee, 8 0CHOBHOL — He uzmeHunacs. Cuza eé npamo Koppeauposana
¢ duramomempueti (p = 0,69 p < 0,01), pesynvmamom mecmos «Box-n-Blocks» (p = 0,72; p < 0,01) u @yen-Meiiepa dns pyxu (p = 0,87 p < 0,005).
Cessrocmb uncunamepansHot SMA ¢ npomugononoxHsLm Mozxeukom ocnabna (8 ocHosHoil epynne — p < 0,05); cuna eé obpamHo koppenupoea-
Ja ¢ pesynomamom mecmos «Box-n-Blocks» u @yen-Metiepa ona pyku (0ns o6oux p = -0,44; p < 0,05).

3aknwouenue. Bonegoe ynpasnenue axmugrocmoio M1 u SMA nopaxénnozo nonywapus é kypce MICM nocne uxcynbma meHsiem apxumexkmypy
gceli MomopHoti cemu, 67UsS Ha kKAuHuuecku 3nauumble OC. Paccmampusaemcs 603MOXKHbILI MeXaHU3M Oelicmaus mexHozo2uY U nepcnekmusa
0c80eHUS €€ 8 JieueOHbIX NPOZPAMMAX.
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Introduction

Modern methods of neuroimaging and statistical analysis
expand the possibilities to study the network mechanisms
of the brain functioning in general and its plasticity in
particular. Studying the effects of stroke lesions on the in-
teractions between distant brain regions is possible using
functional connectivity (FC), which is defined as a measure
of the temporal correlation of the activation patterns in
spatially separated cortex areas. Cerebral network mod-
elling has shown that post-stroke changes in the neural
activity are widely distributed throughout the whole brain
[1], and cognitive and neurological recovery is associated
with restoration of activation patterns and intra- and in-
ter-network connectivity [2-7].

Stroke motor rehabilitation is typically focused on the af-
fected limb, assuming that special exercises and sensory
stimulation enhance innate structural and functional neu-
roplasticity, which compensates for lost functions. How-
ever, the existing approaches provide satisfactory reha-
bilitation results only in 30% of stroke survivors.[8] So, in
the search of the ways to control neuroplasticity and to
enhance the rehabilitation effects, brain-computer inter-
face technology, namely neurofeedback (NFB) method [9-
12] based on ideomotor learning, shows a lot of promise.
Movement imagery activates various nodes of the brain's
motor system [13], and targeted training in this mental
skill helps restore motor function in stroke patients. Feed-
back on actual changes in the neural ensemble activity
makes such training more efficient, enhancing its effects
on local neuroplasticity.

Since desynchronization in - (8-13 Hz) and B-2 (18-26 Hz)
EEG rhythms in central leads indicates the sensorimotor
cortex activity, these rhythms are typically used as EEG-NFB
targets in post-stroke rehabilitation [14]. However, map-
ping the activation area based on recordings from the scalp
surface is imprecise because it records a cumulative signal
from a large number of neurons, which is distorted by the
transmission and resistance of the underlying tissues. In this
regard, functional magnetic resonance imaging (fMRI) is the
most adequate tool for visualizing spots from 1 mm?, includ-
ing those located in the deep parts of the brain. The fMRI
technology is based on registering miniature magnetic field
disturbances that depend on the level of blood oxygenation
(blood oxygenation level dependent, BOLD). Activation of
neurons is thought to increase local blood flow, a phenom-
enon known as neurovascular coupling, and alters the ratio
of oxyhemoglobin to deoxyhemoglobin in the drainage ve-
nules. The BOLD signal amplified by increased oxyhemo-
globin concentration is believed to indirectly indicate the
activity of specific neural ensembles [15].

The NFB was proposed as a potentially useful tool for
post-stroke rehabilitation over a decade ago [16]. Subse-

Interactive brain stimulation in stroke rehabilitation

quent pilot studies demonstrated that patients can use the
real-time fMRI signals to self-regulate the activity of var-
ious motor areas [17, 18]. However, the clinical effect and
mechanism of this phenomenon are insufficiently studied.

The advancements in the systems for recording and pro-
cessing electromagnetic signals allowed recording EEG di-
rectly in the magnetic field of an MR scanner. So, a new
tool for research and rehabilitation emerged. It simultane-
ously captures electrical (EEG) and hemodynamic (fMRI)
neuronal activity signals built in neurofeedback contour,
and it serves as the basis for bimodal fMRI-EEG neuro-
feedback platform [19-21]. We address this NFB method
as interactive brain stimulation neurotherapy (IBS)
[22-24]. Several studies examined the feasibility of this
method for chronic stroke patients [22, 25, 26], its poten-
tial for rehabilitation [27], changes in hierarchical commu-
nication within the motor networks [28], as well as their
functional connections with non-motor structures involved
in learning [29].

The objective of our randomized clinical study was to
analyze the effects of IBS on FC parameters in motor
networks and evaluate the correlations between clinical
and network characteristics in patients with hand paresis
in the early post-stroke recovery period.

Patients and methods

The study included 14 patients (12 males and 2 females)
with middle cerebral artery (MCA) stroke hemipare-
sis with hand paresis of > 2 points (Medical Research
Council Scale), and onset > 2 weeks and < 2 months,
with Montreal Cognitive Assessment (MoCA test) > 26.
The patients were all right-handed and had an average
age of 58.6 + 8.7 years. All the patients were treated at
the clinic of the Federal Research Center of Fundamen-
tal and Translational Medicine for three weeks. After the
screening, they were randomized into the main (n = 7)
and the control group (n = 7) in a blinded manner
(Table 1). The treatment included massage to the paret-
ic limb, physical therapy, reflex therapy, and therapeu-
tic exercises (axial static load to the articular-ligamen-
tous apparatus and dynamic aimed random movements)
3-5 times a week for 15-20 min depending on the pa-
tient's state determined by pulsoxymetrics. Rehabilitation
in the main group was supported by 6 IBS sessions, where
the patients followed movement imagery training to acti-
vate the primary motor cortex (M1) and supplementary
motor area (SMA) and desynchronize the p- (8-13 Hz)
and pB-2- (18-26 Hz) EEG rhythms in the central leads on
the lesion side. The treatment strategy was generally pre-
sented as movement imagery training of the paretic limb.
Each training session consisted of 16 parts: movement im-
agery/visual feedback (displayed on a digital scale from
0 to 100)/resting periods of 40/10/20 sec, respectively.
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The fMRI was performed in the International Tomogra-
phy Center of the Siberian branch of Russian Academy
of Sciences (ITC SBRAS) using Ingenia 3.0T MR system
(Philips). A reference anatomical brain image was obtained
with T1-TFE sequence, voxel size of 1 x 1 x 1 mm?. Basic
T2*-weighted images were obtained with EPI-FFE sequence
(TR/TE = 2500/35 msec, voxel size of 2 x 2 x 5 mm?). FMRI
neurofeedback sessions were supported by parallel EEG
recording using BrainAmp128-channel EEG system (Brain
Products). To pre-process the real-time fMRI images on-
line, to compute the averaged signal level from the region
of interest, and to organise the NFB target, OpenNFT soft-
ware was used.

Test sessions with clinical assessment and MRI (3D T1
MP-RAGE sequences; resting state fMRI of real and imagi-
nary hand movement) were conducted prior to and after
the treatment (test 1 [T1] and test 2 [T2], respectively).
Muscle strength was evaluated using Medical Research
Council (MRC) Scale, where grade 0 means no movement
and grade 5 means full strength, and grip strength dyna-
mometer (normal values for males > 45 kg, for females
> 31 kg). To assess motor functioning of the hand the
Fugl-Meyer assessment (FM-UE) [30], Box and Blocks test
(BBT), and the modified Rankin scale were used [31]. The
Kinaesthetic and Visual Imagery Questionnaire (KVIQ-10)
[32] was applied for diagnosis and daily self-training of the
patients to develop correct and efficient motor imagery
strategy.

For offline pre-processing of the results and display of
the fMRI images Standard preprocessing pipeline of Mat-
lab-based CONN software was used. The CONN Standard
preprocessing pipeline enables functional frame realign-
ment to eliminate motion artifacts, normalize images to
the standard MNI brain , to correct motion artifacts, input
of white matter and CSF signals profoundly, to remove the
pronounced outliers with ASR function, and to smooth the
data using isotropic Gaussian kernel. The data obtained
from the patients with right-sided paresis were mirrored.
FC matrices were generated using CONN toolbox with an
a priori set of the regions of interest [23]: SMA, M1, and
cerebellum (Cer) bilaterally. The FC matrices generated
with the resting state fMRI data were compared within and
between the groups using the Student's t-test. To identify
general trends in the changes of clinical test results and
FC parameters, Spearman's rank correlation coefficient
was applied. Clinical data was computed in Microsoft Excel
and Statistica v. 12.0 using descriptive statistics. To char-
acterize the groups, median values (Me), 25 and 75" per-
centiles, mean values (M), and standard deviation (o) were
calculated. The groups were compared using the Mann-
Whitney U test and the Pearson's * test. The intragroup
changes of parameters were assessed using the Wilcoxon
signed-rank test. The differences were recognized as sig-
nificant at p < 0.05.

Interactive brain stimulation in stroke rehabilitation

The study was approved by the Local Ethics Committee at
the Federal Research Center of Fundamental and Transla-
tional Medicine (Protocol No. 8 dated March 15, 2021). All
the patients signed informed consent prior to treatment.

Results

Clinical data

There were no intergroup differences by gender, age,
stroke onset, Rankin, NIHSS and MRC scores for proximal
and distal parts of the arm, nor in BBT and FM-UE scores
prior to treatment (test 1). However, the baseline grip
strength scores were lower in the control group (Table 2).

By the end of rehabilitation (test 2), all the clinical para-
meters in the main group, except MRCprox score, improved
(p < 0.05). An increase in MRCprox and the BBT scores in
the control group were recognized as significant (p < 0.05).
We noticed that by the end of the treatment 4 patients
(1 from the main group and 3 from the control group)
lost 1.4-2.7 kg (1.9 kg in average) of their grip strength.
The same patients showed either 1 point improvement or
no improvement in their MRCdist scores (grip strength).
Other test results showed no negative trends for individual
values (Table 3). At the end of the treatment, the groups
differed by the grip strength and BBT scores (Table 4).

Functional connectivity between motor network nodes

The motor network in the resting state (rs-fMRI) prior to
treatment demonstrated medium intra-network connectiv-
ity: 0.18 in the main group and 0.15 in the control group
(p > 0.05). There were no baseline intergroup differences
in connectivity between specific nodes within the network.
By the end of the treatment (test 2), the FC between ipsile-
sional SMA and contralesional Cer was significantly weak-
er in the main group; for other parameters only trends
were observed (see the Figure). In the control group, we
noticed the trend to diminished connectivity between
ipsilesional M1 and contralesional M1, and between ip-
silesional M1 and ipsilesional SMA (the upper row in the
Figure). No changes in M1-M1 connectivity were observed
in the main group; the connectivity between ipsilesional
M1 and SMA in both hemispheres, and contralesional Cer
became stronger (middle row in the Figure).

Correlations between clinical and network parameters

Correlation analysis of test 2 data revealed positive correla-
tion between interhemispheric M1-M1 connectivity levels
and FM-UE (p = 0.87; p < 0.005), BBT (p = 0.72; p < 0.01) and
grip strength scores (p = 0.69; p < 0.01) in all the patients.
Test 1 data demonstrated low correlation between M1-M1
connectivity levels and BBT score (p = 0.45; p < 0.05). By the
end of the treatment, the connectivity between right-side
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Table 2. Demographic and clinical characteristics of patients in the main and control groups prior to the treatment, median

values [Q,-Q,]

Parameter Ma(:1=gr7t;up
Age, years 58.0 [48.0; 61.5]
Males: Females 6:1
Stroke onset, weeks ago 3.0[2.0; 4.0]
Affected hand (left/right) 2/5
Modified Rankin score 3.0 [3.0; 3.0]
NIHSS score 4.0 [3.5; 4.5]
MRCyrox SCOTE™ 4.0 [3.0; 4.0]
MRCyist SCOrE™ 3.0[2.5; 3.0]

Grip strength, kg*
BBT, blocks/min*
FM-UE score*

21.4[20.4; 24.4]
31.0 [17.0; 42.5]
46.0 [41.0; 49.0]

Control group

KVIQ vis score 8.0 [6.5; 9.5]
KVIQ kin score 5.0 [5.0; 9.0]

(n=1) g

59.0 [55.0; 65.0] 0.381
6:1 1.02

6.0 [2.5; 6.0] 0.211
4/3 0.282

3.0 [3.0; 3.0] 0.461
3.0 [3.0; 4.5] 0.711
3.0 [3.0; 3.0] 0.261
2.0[2.0; 2.5] 0.261
8.5[2.7;11.8] 0.0041
17.0 [8.0; 23.0] 0.211
34.0 [32.0; 36.0] 0.131
5.0 [5.0; 20.0] 1.01
5.0 [5.0; 18.0] 0.621

Note. Here and in Tables 3 and 4: *values for the affected hand; MRCast — grip strength by MRC scale; MRCprox — deltoid muscle strength by MRC scale; NIHSS — National Institutes of Health

Stroke Scale. ' — comparison using the Mann-Whitney U test; 2 — using the ? test.

SMA and left-side Cer showed negative correlation with
BBT and FM-UE scores (both p = -0.44; p < 0.05).

Discussion

We present the results of the first randomized study on
the FC changes in the motor cerebral network compared
with the hand mobility tests taken during interactive
brain stimulation neurotherapy (fMRI-EEG-neurofeed-
back) in the ischemic stroke patients during the early
recovery period.

By the end of the treatment, the patients in both groups
showed clinical improvement, which was slightly more
pronounced in the IBS group. The sample size allows no
statements about specific impact of IBS on the success
of motor learning; however, the trend appears promising.
Previous fMRI-NFB [16-18] and fMRI-EEG-NFB [22-29]
studies demonstrated that the participants were able to
volitionally activate motor regions in the cortex, despite
the stroke onset more than 6 months ago. Several studies
[16, 27, 29] also demonstrated improvements in hand mo-
tor function in some patients. The IBS neurotherapy looks
as an attractive treatment option because the BOLD-sig-
nal built in the neurofeedback contour allows to focus on
a specific cerebral structure and to regulate its activity
for treatment/research purposes in the assumption that

long-term clinical effects would be mediated by structural
and functional plasticity in the brain systems associated
with learning. The concept of volitional reconstructing the
neural networks during the post-stroke recovery period is
based on this assumption.

The resting state fMRI registers basic activity of the brain
caused by continuous transmission of neuronal signals at
rest without any specific stimulation or active task execu-
tion. This registration is based on low-frequency filtration
of spontaneous oscillations of the BOLD-signal [33]. Thus,
this technology can be employed in the studies of network
organization of the brain in patients with the broad range
of neurological disorders.

Longitudinal observational studies showed that post-
stroke motor executive networks become more complex
and chaotic, inter- and intrahemispheric FC between mo-
tor regions in the lesioned hemisphere weakens, while in-
trahemispheric connectivity between motor regions on the
"intact" side strengthens. In the meanwhile, the improve-
ment in motor function correlates with the restoration of
activity in the motor regions and an increase in their in-
terhemispheric FC levels [2-4, 34, 35].

In our study, interhemispheric M1-M1 FC weakened in the
control group by the end of the physical rehabilitation,
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Table 3. Clinical data changes by the end of the treatment, median values [Q,-Q,]

Main group Control group
Parameter (m=1) (n=17)
test 1 test2 test 1 test 2
Modified Rankin score 3.0 [3.0; 3.0] 2.07[2.0; 2.0] 3.0[3.0; 3.0] 2.0[2.0; 3.0]
NIHSS score 4.0 [3.5; 4.5] 3.07[1.5; 3.0] 3.0 [3.0; 4.5] 2.0 [2.5; 3.5]

FM-UE score*
MRGCyrox SCOrE™
MRCaist SCOTE™
Grip strength, kg*
BBT, blocks/min*

KVIQ vis score

KVIQ kin score

46.0 [41.0; 49.0]

4.0 [3.0; 4.0]

3.0 [2.5; 3.0]

21.4[20.4; 24.4]

31.0 [17.0; 42.5]

8.0 [6.5; 9.5]

5.0 [5.0; 9.0]

51.0¢ [45.5; 55.0]
4.0[4.0;4.0]
4.0 [3.5; 4.0]

27.6¢ [22.8; 28.6]

47.07 [38.5; 52.0]

17.07 [13.5; 20.0]

15.07[12.5; 17.5]

34.0 [32.0; 36.0]

3.0 [3.0; 3.0]

2.0[2.0; 2.5]

8.5[2.7;11.8]

17.0 [8.0; 23.0]

5.0 [5.0; 20.0]

5.0 [5.0; 18.0]

36.0 [31.5; 44.0]
4.0¢[3.5;4.0]
3.0 [2.5; 3.5]
5.8 [5.0; 15.1]

27.0 [15.0; 34.0]

14.0 [7.5; 18.0]

5.0 [5.0; 17.0]

Note. #p < 0.05 compared with test 1 results (Wilcoxon signed-rank test).

Table 4. Clinical data in the main group vs.control group at the end of the treatment, median values [Q -Q,]

Parameter M?:'f[;;un con(llr'u=l 9,;0"') p
Modified Rankin score 2.0[2.0;2.0] 2.0[2.0; 3.0] 0.26
NIHSS score 3.0 [1.5; 3.0] 2.0 [2.5; 3.5] 0.32
MRCprox SCOTE™ 4.0 [4.0; 4.0] 4.0 [3.5; 4.0] 0.80
MRCiist SCOTE™ 4.0 [3.5; 4.0] 3.0 [2.5; 3.5] 0.21
Grip strength. kg* 27.6 [22.8; 28.6] 5.8 [5.0; 15.1] 0.001%
BBT. blocks/min* 47.0 [38.5; 52.0] 27.0 [15.0; 34.0] 0.026*
FM-UE score* 51.0 [45.5; 55.0] 36.0 [31.5; 44.0] 0.13
KVIQ vis score 17.0 [13.5; 20.0] 14.0 [7.5; 18.0] 0.38
KVIQ kin score 15.0 [12.5; 17.5] 5.0 [6.0;17.0] 0.32
Note. *p < 0.05 compared with test 1 results (Wilcoxon signed-rank test).
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Test 1 Test 2 Test 2/Test 1 comparison
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©
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Comparison of the main and control grous

FC matrices of motor networks in the main and the control groups prior to and after the treatment.

The white circles designate the regions of interest, the colored lines indicate their connections. The rose lines represent interhemispheric
cross-lateral connections, the orange lines represent interhemispheric diagonal connections, and the blue lines represent intrahemispheric con-
nections. The strength of the functional connections is proportional to the width of the lines, with weaker connections indicated by dotted lines.
The correlation coefficient (p) is shown above the lines. The results of FC comparison before and after the treatment are presented on the right
and on the lower panels, within and between the groups, respectively.

Digits in white above each matrix reflect the mean value of the intranetwork connectivity or the difference in its level within or between
the groups: on the right and on the lower panels, respectively. The confidence interval of 0.95 for this mean value is shown in the brackets.

*p < 0.05 (using Student's t-test).
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while in the main group it did not change or tended to in-
crease. At the same time, the intrahemispheric functional
connectivity M1-SMA on the lesion side became stronger
in the IBS group, while in the control group no similar
trend was observed (see the Figure). The functional test
results (BBT, FM-UE, and grip strength scores) showed
positive correlation with M1-M1 interhemispheric con-
nectivity levels.

The cerebellum is involved in the motor learning and fur-
ther in motor control of the developed movement imagery
skills [36]. We observed an increase in connectivity be-
tween ipsilesoinal M1 and contralesional Cer in the main
group and a decrease in FC between the ipsilateral SMA
and both Cer in all the patients (see the Figure). To what
extent such trends determine the success of post-stroke
motor learning is not entirely clear, although we have
found a negative correlation between the results of func-
tional tests and the levels of connectivity between SMA
in the lesioned hemisphere and the contralesional Cer.

There is a controversy between the results obtained in
our study and in the previous studies, and the data of
some recent studies, where the clinical improvement was
not associated with the changes in the motor network FC
[37, 38]. In one of the studies [38], the activation patterns
and FC in stroke patients showed no difference from the
same parameters in healthy controls in none of the re-
covery stages for one year. These data may indicate that
cortical reorganization is not the only (and, possibly, not
the main) mechanism for restoring lost movements. This
assumption is supported by our data showing no signifi-
cant intragroup changes in connectivity matrices by the
end of the treatment, while the improvement in hand
motor function during the treatment was obvious. Per-
haps, it can be explained by a relatively short duration of
the study (3 weeks). However, this time was sufficient to
notice the trends in the changes of interactions between
certain motor network nodes, and these trends were dif-
ferent in the main and in the control groups. Apparently,
IBS additionally recruits cerebral structures associated
with motor learning, and this, together with volition-
al control of the activity of the motor network cortical
nodes on the lesioned side, leads to secondary chang-
es in the pyramidal tracts. We came to this assumption
based on the results of the recent study carried out by
ZB. Sanders et al: after three sessions of real-time
fMRI NFB in the remote period of stroke onset, the pa-
tients learned to increase the laterality of motor cortex
activity in the lesioned hemisphere during movements
of the stroke-affected hand. No differences in FM-UE
scores were observed between the groups receiving real
or sham neurofeedback, although real fMRI-NFB group
demonstrated better gross hand motor performance in

Interactive brain stimulation in stroke rehabilitation

subtasks in the Jebsen-Taylor hand function test [39].
In the same group, the data of diffusion tensor imaging
tractography collected one month after the treatment
showed decreased corticospinal tract asymmetry, which
was positively correlated with participants neurofeed-
back performance [39]. It can be assumed that volitional
modulation of cortical activity might have a specific im-
pact on both functional and structural neuroplasticity,
potentially leading to favorable clinical outcomes.

Study limitations. The study enrolled patients with a wide
range of stroke localizations and individual differences
in screening results, so we aimed to focus on intragroup
changes avoiding inter-group comparisons. Analysis of EEG
data recorded during the training sessions, where possi-
ble effects of the treatment on each modality of bimodal
fMRI-EEG platform were assessed separately and/or inter-
changeably, was not included in this article, although it was
a significant part of the study. The fMRI-EEG-NFB sessions
were carried out in the early post-stroke recovery period,
when the innate neuroplasticity mechanisms are still active.
On one hand, drawing conclusions about the real effects of
our intervention is difficult. On the other hand, this sup-
ports the hypothesis that targeted self-regulation of ac-
tivity in motor cortical regions through IBS neurotherapy
during this period can provide the necessary impulse for
neural network improvement. A small sample size (in our
case, n = 14) is a common weak point of an fMRI and
fMRI-EEG research. However, the NFB neurotherapy based
on bimodal fMRI-EEG platform is a conceptual trend that
allows accumulating data in order to achieve correlations
sufficient to serve the needs of practical medicine. A larger
sample size might provide conclusive evidence of the ef-
fects of IBS on motor learning efficacy. However, we have
found correlations between clinical parameters and chang-
es in specific connectivities within the motor networks,
and these changes differed between the study groups.

Conclusion

Neurological deficits and post-stroke recovery depend
on the intensity of processes running all over the brain.
This is the reason why the search for cerebral struc-
tures, which can respond to non-invasive treatment
allowing directly or indirectly optimize the neuroplas-
ticity of the brain, is so much in trend nowadays. One
of such research and therapeutic tools is neurofeedback
neurotherapy based on BOLD-signal (that is, interactive
brain stimulation based on fMRI- or fMRI-EEG-neuro-
feedback). It allows patients to evolve from a passive
recipients of therapeutic intervention into active par-
ticipants capable of reconstructing neural connections
between distant areas of their own brain, resulting in
efficient clinical progress.
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