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Abstract

Neurofeedback (NF), an advanced technique enabling self-regulation of brain activity, was used to enhance upper
limb motor recovery in chronic stroke survivors. A comparison was conducted between the efficacy of NF ver-

sus motor imagery (MI) training without feedback. We hypothesized that employing a bimodal EEG-fMRI based

NF training approach would ensure precise targeting, and incorporating progressive multi-target feedback would
provide a more effective mean to enhance plasticity. Thirty stroke survivors, exhibiting partial upper-limb motor
impairment with a Fugl-Meyer Assessment Upper Extremity score (FMA-UE) > 21 and partially functional corti-
cospinal tract (CST) were randomly allocated to the NF and Ml groups. The NF group (n=15) underwent a bimodal
EEG-fMRI NF training focused on regulating activity in ipsilesional motor areas (M1 and SMA), while the Ml group
(n=15) engaged in Ml training. Demographic and stroke clinical data were collected. The primary outcome meas-
ure was the post-intervention FMA-UE score. Change in bold activations in target regions, EEG and fMRI laterality
index (LI) and fractional anisotropy (FA) asymmetry of the CST were assessed after the intervention in both groups
(respectively AEEG LI, AMRI LI and AFA asymmetry) and correlated with FMA-UE improvement (AFMA). Participants
from both groups completed the 5-week training, with the NF group successfully modulating their brain activity

in target regions. FMA-UE improvement post-intervention tended to be higher in the NF group than in the Ml group
(p=0.048), and FMA-UE increased significantly only in the NF group (p=0.003 vs p=0.633 for MI). This improvement
persisted at one-month in the NF group (p=0.029). Eight out 15 patients in the NF group positively responded (i.e,,
improved by at least for 4 points in FMA-UE) compared to 3 out 15 in the Ml group. No significant between-group
differences were found in the evolution of ipsilesional M1 (t=1.43, p=0.16) and SMA (t=0.85, p=0.40) activation
maps. The NF group exhibited a more pronounced lateralisation in unimodal EEG LI (t=— 3.56, p=0.0004) compared
to the MI group, but no significant difference was observed for MRI LI. A non-significant difference in AFA asymmetry
of the CST between the two groups was found (t=25; p=0,055). A non-significant correlation between unimodal
AEEG Ll and AFMA (r=0.5; p=0.058) was observed for the NF group. Chronic stroke survivors can effectively engage
themselves in a NF task and can benefit from a bimodal EEG-fMRI NF training. This demonstrates potential for NF

in enhancing upper-limb motor recovery more efficiently than Ml training.
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Introduction

Stroke is the leading cause of severe adult acquired dis-
ability [1]. Upper limb paresis is highly prevalent after
stroke, affecting 55 to 75% of stroke patients, thus
comprising autonomy and daily functioning [2]. Con-
sequently, motor recovery emerges as a major rehabilita-
tion issue [3]. While traditional interventions for motor
recovery have focused on stimulating upper limb move-
ment, strategies targeting direct modulation of the brain
have emerged, including the promising avenue of cer-
ebral training with neurofeedback (NF).

NF aims at guiding the subject to self-regulate brain
activity in chosen targets with high potential for motor
upper limb (UL) motor recovery, thereby fostering neural
plasticity and facilitating functional improvements [4, 5].
Electroencephalography-NF (EEG-NF) has first emerged
as a valuable technique for recording brain activity and
delivering feedback to patients undergoing UL rehabili-
tation following stroke [6]. However, this technique is
limited by its suboptimal spatial resolution with standard
number of electrodes. Conversely, MRI offers high spatial
resolution but lower temporal resolution. The combina-
tion of these 2 techniques appeared promising. Thus, our
research group was among the pioneers in developing
a platform enabling simultaneous bimodal EEG-fMRI-
NF [7]. This bimodal NF, demonstrated in healthy sub-
jects, elicited increased brain activity in the cerebral
target compared to unimodal NF [8]. Encouragingly,
three EEG-fMRI-NF studies (including one of our team)
involving stroke patients, were identified by recent sys-
tematic reviews, all of which have shown promising clini-
cal benefits [9, 10]. However, these studies were limited
by small sample size and intensity of their rehabilitation
protocols.

Beside the recording of brain activity, selecting the
appropriate NF brain target is crucial. Many studies
advocate for stimulating activity in the ipsilesional pri-
mary motor cortex (M1) as the optimal approach for
recovery [11]. Patients who maximally benefit from a
stimulation of M1 are those with the strongest potential
for recovery [12—14]. In more severely affected patients,
outcomes from M1 stimulation are less convincing and
the ipsilesional premotor and supplementary motor area
(SMA) may offer an effective alternative for motor func-
tion relearning [15]. Thus, in a previous study, we imple-
mented a multi-target EEG-fMRI-NF approach guiding
patients from SMA to M1 activations, observing prom-
ising results specifically in patients with a partially func-
tional cortico-spinal tract (CST) [16]. Consequently, we
selected patients with partially functional CST in the pre-
sent study. Finally, recognizing the necessity for an eas-
ily applicable and adequately intensive training regimen,
we proposed a protocol comprising alternating bimodal
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(EEG-fMRI) NF and unimodal (EEG only) NF sessions,
tested in a preliminary study with encouraging results
[16].

The primary aim of this randomized controlled trial
was to assess whether NF training was more effective
than MI without feedback in improving UL motricity. To
achieve this randomized controlled study, we relied on
our previous experiences and implemented the same pro-
tocol to our previous experiences, with evolving targets
(from SMA to M1) and alternating bimodal EEG-fMRI
NF sessions and unimodal EEG NF sessions in chronic
stroke patients with preserved CST. This protocol was
compared to a training regimen of equivalent duration
and intensity based on MI training without feedback,
which has previously shown efficacy for upper limb
recovery after stroke in combination with traditional
rehabilitation [17]. The secondary aim was to compare
the effects of training (NF and MI) on cerebral activations
and investigate the relationships between changes in cer-
ebral activations and motor recovery.

We hypothesized that our NF protocol would be
more effective than MI without neurofeedback for UL
motor recovery because NF would prompt participants
to self-generate cerebral activity in the ipsilesional M1
and SMA, the most effective targets for patients with
preserved CST [18]. Our second hypothesis was that
patients who could learn to self-activate SMA and M1
during bimodal NF could be able to utilize their train-
ing strategy acquired during the bimodal training when
training with unimodal sessions. Finally, we anticipated
greater brain activations in the ipsilesional SMA and
MI and more globally more pronounced relateralization
towards the ipsilesional hemisphere in the NF group
compared to the MI group, especially in patients showing
motor improvement. Additionally, we assessed changes
in fractional anisotropy (FA) asymmetry index of the
CST to evaluate structural changes.

Material and methods
CRED-NF checklist is available in supplementary mate-
rial (CRED NF-checklist [19]).

1. Study design

This simple-blind, single-center, randomized con-
trolled trial (ClinicalTrials.gov: NCT03766113) was
conducted from January 2019 to July 2022 at the Physi-
cal Medicine and Rehabilitation Department of Rennes
University Hospital in France. The trial compared a Neu-
rofeedback (NF) group receiving EEG-fMRI-NF target-
ing ipsilesional brain motor areas, with a Motor Imagery
(MI) group undergoing MI training of hemiplegic upper
limb. The primary outcome was the change in upper limb
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Fugl-Meyer assessment (FMA-UE) from the beginning
to the end of the intervention. Additionally, we evaluated
the impact on brain activity, using task-based fMRI and
EEG and on brain structure, focusing on the corticospinal
tract. The study was approved by the Institutional Review
Board. Patients were enrolled by a physician through a
secure, web-based centralized data entry system. Rand-
omization was performed by a software module (Ennov-
clinical) and was stratified based on age, gender, and
Fugl-Meyer Assessment Upper Extremity (FMA-UE)
score (more impaired, < 32; less impaired, > 32).

The sample size was calculated based on the main
hypothesis that the NF intervention would be superior to
MI in improving motor impairment than MI. Using pre-
liminary results [20] comparing the change in the FMA-
UE score between the NF and MI groups, with a mean
difference in score change of 25 and a variance ratio
of 1.5, and assuming an alpha risk of 5% and statistical
power of 80%, a total of 36 patients, with 18 participants
per group were required.

2. Inclusion criteria

Participants were aged from 18 to 80 years old with
unilateral supratentorial stroke occurring more than 6
months prior to inclusion (ischemic or haemorrhagic).
They presented no cognitive disorders limiting participa-
tion, an upper-limb motor score between 22 and 53 out
of 66 on the FMA-UE (defined as poor to notable), and
corticospinal tract integrity defined by a fractional ani-
sotropy (FA) asymmetry index > 0.15. [21].

Exclusion criteria included MRI contraindications,
major vascular leukopathy on MRI, and a history of pre-
vious neurological illness. Participants deprived of free-
dom or with legal incapacity were not included. Informed
consent was obtained from all participants, and proce-
dures followed the guidelines outlined in the Declaration
of Helsinki.

3. Study protocol

The training program lasted 5 weeks with 4 assess-
ments at the CHU of Rennes, both groups receiving an
equal number of sessions (i.e. 14 training sessions). All
participants were allowed to undergo their usual reha-
bilitation program with their physiotherapist but specific
upper limb rehabilitation therapies (constraint induced
therapy, mental imagery and mirror therapy) and botuli-
num toxin injections in the upper limb were not allowed
during the protocol. The protocol included 4 assessment
visits collecting clinical and brain data:

Inclusion, pre-intervention, post-intervention,
1-month later (Fig. 1A).

and
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— Enrolment: FMA-UE and demographic data were col-
lected by a physician (SB). MRI with 3DT1, T2 Flair,
blood-oxygen-level-dependent (BOLD) during motor
imagery task of hemiplegic upper limb and diffusion-
weighted imaging (DWI) was performed. Tractogra-
phy of the corticospinal tract was performed and the
asymmetry index measurement was calculated using
MedInria software (RRID:SCR_001462 https://med.
inria.fr). Then, if inclusion criteria were met, partici-
pants were randomized in NF or MI group (Fig. 1B).

— Pre-intervention: FMA-UE and other motor impair-
ment data, activities and autonomy were evaluated.
MRI with 3DT1, T2 Flair, BOLD (during NF task)
and DWTI.

— Post-intervention: Same clinical evaluations compris-
ing motor impairment, activities and autonomy were
repeated during the week after the NF training MRI:
3DT1, T2 Flair, BOLD (during NF or motor imagery
task according to the group) and DW1.

— I-month later: Same clinical evaluations
repeated.

were

In the NF group, the protocol consisted of 5 bimodal
sessions involving real-time EEG and functional mag-
netic resonance imaging (fMRI) NF, along with 9 uni-
modal EEG-NF sessions. In the MI group, patients
underwent 14 sessions of motor imagery (MI) training
with EEG recording without NF (Fig. 1B).

4. Interventions
A. Neurofeedback

» Bimodal EEG-fMRI NF sessions (n=5)

Patients were fitted with a 64-channel MRI-compatible
EEG headset (Brain Products GmbH, Gilching, Ger-
many). A conductivity gel was placed in each electrode
and impedance was checked. The patient then laid down
in the MRI and could view the instructions and the feed-
back on a screen (for more details about the setup see
Paper from Lioi and colleagues [16]).

For each bimodal NF session (NF group), the protocol
included a calibration step, where the region of interest
(ROI) for the NF was defined [16], and three NF training
runs (5 min 20 s each). Each NF run consisted of periods
of rest (20 s) alternated with periods of closed-loop NF
training (20 s). Instructions for NF oriented the patients
towards a technique of kinaesthetic motor imagery, with-
out mentioning a specific strategy. Instructions were
repeated before each training session.

The feedback i.e. the NF score was presented online
as a vertical gauge. It was computed and updated every


https://med.inria.fr
https://med.inria.fr

Butet et al. Journal of NeuroEngineering and Rehabilitation

(2025) 22:67

Page 4 of 17

A. I—>r( Neurofeedback group B)

w3 wa w5

Post- 1 month
intervention later

Inclusion Pre- :
Intervention wi w2

[ Motor Imagery group ]

5 weeks rehabilitation protocol

EEG-only motor image!
MR Imaging assessment session )f/or Ml gmupg 4

EEG only neurofeedback
sessron for NF group

N | EEG+MRI neurofeedback
Qi‘}:@ session for NF group

SMA M1

FMRI SCORE

a*T—&-(l—a)*T + %

Laplacian(ERD(chaniys;)) —

EEG SCORE BIMODAL NF SCORE

Fig. 1 Study design. A Participants had 4 assessment visits: they were recruited and randomly assigned either to the neurofeedback (NF) group

or the motor imagery (M) group. B Protocol with 14 training sessions over five weeks for both groups. The NF group alternated between 5 bimodal
NF sessions (EEG/MRI) and 9 unimodal sessions (EEG alone). The MI group had 14 identical sessions of motor imagery without feedback. Ml patients
were equipped with a EEG cap for posterior analysis only. C Details regarding the calculation of the NF score in the bimodal NF sessions. The fMRI
NF subscore is a weighted (a) sum of brain activity in SMA and in M1 while the EEG NF subscore is the Laplacian of the ERD of the ipsilesional
channel. The bimodal NF score is the mean of fMRI and EEG unimodal subscores. The a weight decreases linearly from 0.6 to 0.2 during the protocol
to progressively give more importance to the activity in M1 relatively to SMA in the calculation of the feedback

250 ms for EEG and every 1 s for fMRI. It was equal to
the average of EEG NF subscore and fMRI NF subscore,
computed as follows:

— The fMRI subscore was equal to the weighted sum of
BOLD activations in SMA and M1 regions of inter-
est (ROIs). The weights assigned to the two contri-
butions SMA and M1 varied linearly from a=0.6 in
the first session favouring SMA activity to a=0.2 in
the last session where the fMRI NF score was mainly
guided by M1 activity (Fig. 1C).

— The EEG subscore was obtained computing the Event
Related Desynchronization (ERD) on a combination
of electrodes given by Laplacian filter weights for the
two first sessions and then by Common Spatial Pat-
tern (CSP) weights estimated from previous training
sessions.

Details about the protocol were identical to those pre-
viously published [8, 16].

» Unimodal EEG-NF sessions (n=9)

Patients were fitted with an 8-channel EEG headset
(ANT Neuro, eego mini), in a quiet room, with feedback
visualization. Similarly, to the bimodal sessions, the uni-
modal EEG-NF sessions began by a calibration period
followed by three NF runs with a block-design alternat-
ing rest and task during 5 min, with an amount of train-
ing time and protocol structure equivalent to the bimodal
training sessions. The preprocessing steps involved
resampling the EEG signals to 512 Hz and applying a
band-pass filter with a range of 8—30 Hz. To eliminate
interference at 50 Hz, a notch filter was used. Further-
more, potential eye blinks and muscle artifacts were
removed from the signals to ensure data quality.

For the online computation of the unimodal NF score,
a pipeline was implemented in order to favour changes in
laterality of motor brain activity. It involved the extrac-
tion of band powers from the ipsilesional and contrale-
sional channels, which were spatially selected (C3 and C4
depending on the lesion side). The channels were then fil-
tered within beta band (12-20 Hz) using a second-order
Butterworth IIR filter to avoid phase distortion. The fil-
tered signals were subsequently segmented into epochs
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with a duration of 0.5 s and an interval of 0.0625 s. The
band powers (Power;,; and Power,,,,,) were computed
by calculating the squared Frobenius norm of the epochs
for the respective channels. Finally, the NF score was
derived by combining the band powers, as the log-nor-
malized ratio log(1 + Power;,;)—log(1+ Power,,,)-

B. Motor imagery (MI) sessions with EEG recording

(n=14)

Patients were fitted with an 8-channel EEG headset,
in a quiet room, without feedback visualization (black
screen). The session began by a calibration with the same
design as for the EEG-NF training. Participants were
given the same instructions for performing the kinaes-
thetic motor imagery.

5. Data acquisition
a. Bimodal NF sessions

EEG and fMRI data were simultaneously acquired [7]
on a 3 T Prisma Siemens scanner running VE11C with
a 64-channel head coil. Foam pads were installed around
the patient’s head to avoid motion artifacts. Acquisi-
tions were performed using the product Echo Planar
Imaging BOLD sequence with the following parame-
ters: repetition time (TR)/echo time (TE)=1000/30 ms,
Field of View (FOV) 230 mm X230 mm restricted to
motor areas, matrix size=106x106, 16 contiguous
4-mm slices, flip angle=90°. The fMRI voxel volume
was 2.17x2.17x4 mm?>. In addition, a high-resolution
3D T1 MPRAGE sequence was acquired with the fol-
lowing parameters: TR/TI/TE=1900/900/2.26 ms, FOV
230 % 230 mm?, flip angle=9°.

b. Unimodal NF and MI sessions

We used an 8-channel EEG system (ANT Neuro-eego)
integrated with the Mensia Modulo solution. For online
EEG processing, the acquired EEG data was preprocessed
using the NeuroRT Studio software developed by Mensia
Technologies, Paris, France. This software is a comple-
mented and certified version of the OpenViBE software
[62] (http://openvibe.inria.fr/).

6. Clinical assessment

The evaluations took place in the Physical Medi-
cine and Rehabilitation Department. Demographic
information encompassing age, gender, time elapsed
since stroke occurrence, affected side, and stroke clas-
sification was recorded. The ability to execute motor
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imagery was scrutinized utilizing the Movement
Imagery Questionnaire—Revised Second version score
(MIQ-RS) [22]. Clinical evaluations focusing on motor
skills, activities, and independence were conducted by a
team consisting of physiotherapists (VM, NH, CG) and
occupational therapists (MP, MJ, AMV) from the reha-
bilitation department. All personnel involved possessed
significant experience in administering the utilized
assessment tools. Evaluators were blinded to the par-
ticipants’ group assignments. The clinical assessments
comprised the following:

— Motor impairment was evaluated by FMA-UE [23],
Composit Active Range of Motion (CxA) [24],
JAMAR [25]. The CxA represents the cumulative
active range of motion (AROM) at the shoulder,
wrist and fingers joint. Evaluation of active move-
ment was performed according to the measure-
ment modalities described by ref. [26].

— Motor activities were appraised using the Action
Research Arm Test (ARAT) [27] and Motor Activ-
ity Log (MAL) [28].

— Autonomy in daily life activities was evaluated with
Functional Independence Measure (FIM) [29].

— A qualitative questionnaire employing a likert scale
was administred to solicit the patients’ subjective
experiences in both groups one month following
the conclusion of the program.

— Oftline brain activity analysis

— MRI analysis

Anatomical data were used to segment stroke lesions
with an automated method based on an U-net archi-
tecture that was trained on a large T1 dataset and fine-
tuned on in-house T1 and FLAIR images. BOLD data
were processed to obtain NF vs rest normalised indi-
vidual and group statistical maps. Diffusion data were
processed to calculate CST FA asymmetry scores.

More details regarding the pre-processing and pro-
cessing steps can be found in the Supplementary Mate-
rial, section 1.

b. EEG analysis

Bimodal EEG data were first corrected using state-
of-the-art algorithms to correct for ballistocardiogram
and gradient artifacts, using EEGLab tools [30]. Then,
both the unimodal and corrected bimodal underwent
preprocessing through a classical pipeline for motor-
imagery tasks. The event-related desynchronization
(ERD) within the refs. [8—30] Hz frequency range was
then computed. More details can be found in Supple-
mentary Material, section 2.
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c. Laterality Index

The laterality index (LI) was computed for both EEG
(LI-EEG) and fMRI (LI-fMRI) modalities with a consist-
ent definition:

_Ai_Ac
A+ A,

where A; and A, represent respectively the activity in
the ipsilesional hemisphere and in the contralesional
hemisphere. LI is used as an indicator of the prevalence
of activation in one hemisphere relative to the other [31].
The LI ranges from—1 to 1, where a negative LI means
contralesional dominance, a positive LI represents ipsile-
sional dominance, and a value of zero indicates bilateral
symmetric activity [32]. The LI-EEG was obtained with
the Event-Related Desynchronization (ERD) observed in
both C3 and C4. The LI-fMRI was calculated in M1 from
individual statistical maps with a threshold-independent
method [31].

LI

8. Statistical analysis

All statistical analyses were performed using Python
3.10.12 with the package scipy 1.11.2 [33].

a. NF performances

To assess initial success of NF in the NF group, a non-
parametric Wilcoxon test was used to compare NF scores
between rest and task periods. To evaluate NF learning
across sessions, an analysis of variance (ANOVA) was
conducted with a fixed effect of session to determine
whether NF scores changed significantly over time. Sub-
sequently, pair-wise comparisons were made using paired
t-tests to investigate differences in NF scores between
the first session (S1) and subsequent sessions (S2, S3, S4,
S5) for both EEG-NF and fMRI-NF scores. Additionally,
the contributions of EEG and fMRI scores in mediating
control over the NF score were assessed using separate
ANOVA tests.

b. Clinical scores

The data at inclusion were compared with a student’s
t-test for quantitative data and a chi2 test for qualitative
data. All randomized patients were included in the analy-
sis (intention-to-treat). The within-group clinical scores
progressions were evaluated with a paired t-test while the
between-group clinical scores changes were compared
using a Mann Whitney U test. All statistical tests were
performed at the 0.05 level of significance.
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At the individual level, we considered as “responder” a
patient with an improvement of 4 points or more on the
FMA-UE after the protocol [34].

Responses to the qualitative questionnaire were com-
pared using a Student’s t-test.

¢. MRI-derived metrics

Group NF >rest Z-statistic images were obtained with
the nilearn (Python) package from the corresponding
individual contrast maps computed with SPM12 (Well-
come Department of Imaging Neuroscience, UCL, Lon-
don, UK). The group statistical maps were thresholded
using an uncorrected significance threshold of p <0.005
(Z>2.8). The HMAT atlas [35] was used to perform a
ROI analysis (M1 and SMA) where average NF >rest
contrast value from each subject and each hemispherical
ROI was extracted. Changes in M1 and SMA ipsilesional
brain activity were assessed with a Student’s t-tests on the
ROI data between the first and the last sessions. fMRI LI
in M1 were compared between groups and between the
first and last timepoint using Student’s t-tests. FA was
extracted from the stroke-affected and unaffected corti-
cospinal tract (CST) and FA asymmetry was calculated.
CST FA asymmetry was calculated as the difference in
mean FA between the two CSTs:

FA _ FAcontralesional - FAipsilesional

asymetry —

FAcontralesional + FAipsilesional

Positive values thus indicate lower FA and more dam-
age in the stroke-affected CST.

d. EEG-derived metrics

To investigate how sessions influence ERD modulation
during both bimodal and unimodal paradigms, we con-
ducted an ANOVA with a fixed effect of session. We then
compared sessions and groups using Student’s t-tests.
The analysis of EEG-LI data followed a similar approach
as the ERD analysis.

e. Relationships between clinical scores and EEG—
fMRI data

In the NF group, MRI analyses (BOLD and laterality
index calculation) were compared between pre-inter-
vention and post-intervention (first versus last NF run).
In the MI group, MRI analyses were compared between
inclusion and post-intervention. For FA analysis, patients
of both groups were compared between inclusion and
post-intervention.We looked at the differences between
the post- and pre-interventional stages for motor
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FMA-UE and between the last and the first session for LI
measured with both modalities (AEEG LI and AfMRI LI).
Correlations between LI changes and FMA-UE changes
were evaluated with Pearson correlation coefficients and
were considered as significant for p <0.05.

Additionally, we examined the correlation between
changes in the FMA-UE scores and in FA asymmetry
scores.

Results
1. Demographic and stroke data

Between January 2019 and July 2022, 221 chronic
stroke patients underwent screening through medical file
analysis and phone calls to assess eligibility criteria (see
Supplementary Fig. 1). Out of these, 46 patients were
initially included, but 14 were subsequently excluded
for not meeting participation criteria, primarily due to
FMA-UE scores outside the inclusion range (26 to 52) or
a fraction anisotropy asymmetry index below 0.15. Con-
sequently, 32 patients were randomized into the proto-
col, with 16 assigned to the NF group and 16 to the MI
group (see Table 1). Two participants withdrew from the
study before the start of protocol due to COVID-19-re-
lated restrictions. Two participants withdrew from the
study before protocol initiation due to COVID-19-re-
lated restrictions. Ultimately, 30 participants (15 in each
group) completed the protocol until the end of NF or MI
(primary outcome), with 14 participants in each group
completing the study, including the visit one month later.
All participants successfully completed the NF training.
At baseline, no significant differences between groups
were observed, except for a higher MIQRS 1V in the MI
group (t=—2.057, p=0.012).

2. NF Performances

NF patients effectively modulated their brain activ-
ity in target regions during bimodal sessions, evidenced
by increased EEG-NF and fMRI-NF subscores dur-
ing task blocks compared to rest (see Fig. 2A). Signifi-
cant up-regulation of the NF score was observed during
the first bimodal session (S1) (t=1754.0, p=0.0001).
There was also a significant effect of session (F=46.6,
p=8.546e—12), with NF scores increasing over ses-
sions (see Fig. 2B). The NF score was mainly driven by
the fMRI score (F=192.2, p=1.26e—43) rather than the
EEG score (F=4.3, p=0.03). Accordingly, we observed
a significant increase in fMRI-NF subscore between S1
and subsequent sessions: S2 (t=— 8.3, p=1.4e—16), S3
(t=— 8.86, p=8.5e—19), S4 (t=— 6.5, p=6.1e—11) and
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S5 (t=—-16.1, p=8e—58), while no significant differences
were observed in EEG-NF subscores between sessions.

3. Clinical results

A significant between-group difference was observed
in the evolution of FMA-UE between pre-intervention
and post-intervention (p=0.048). Notably, there was a
significant increase in FMA-UE in the NF group (t=3.6,
p=0.003), persisting at one-month post-intervention
(t=2.45, p=0.029), which was not observed in the MI
group. Responders, defined as patients with an FMA-UE
improvement of at least 4 points, were more prevalent in
the NF group (8 participants) compared to the MI group
(3 participants) immediately post-intervention. Among
patients with a baseline FMA-UE score of 40 or higher,
a larger proportion of NF patients (8 out of 9) were
responders compared to MI patients (2 out of 6). No
statistically significant between-group differences were
found for other clinical scores (refer to Table 2), except
a positive trend in MAL Quant (p=0.07) and MAL Qual
(p=0.03) in MI group, but no change in the number of
activities, MAL Num (p=0.15). Additionally, there were
no significant differences between groups in the evolu-
tion of FIM score.

Concerning the patients’ perception assessed through
a qualitative questionnaire (see Supplementary Table 1),
the NF group reported finding the task more challenging
(p=0.003) feeling more tired (p=0.010) and perceiving
the performance demand as heavier (p=0.038).

4. Offline Brain activity results
a. BOLD data

As shown in Fig. 3, Pre-interventional activity in ipsile-
sional M1 was low in both groups. At the post-interven-
tional stage, the statistical map showed more focused
activations on ipsilesional M1 with less contralesional
activity in SMA and PMC for the NF group, while no
increase activity in ipsilesional regions was observed in
the MI group. However ROI analysis indicated no signifi-
cant between-group differences in the evolution of ipsile-
sional M1 (t=1.43, p=0.16) and SMA (t=0.85, p=0.40).
Moreover, activation maps indicated a non-significant
change in either group for ipsilesional M1 or SMA activ-
ity (M1 (t=1.2, p=0.23) and in SMA (t=0.7, p=0.47)
for the NF group, and M1 (t=- 0.8, p=0.41) and SMA
(t=— 0.8, p=0.42) in the MI group).

b. EEG data

Bimodal EEG analysis revealed that there was
no effect of session, meaning that there was no
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Table 1 Participant Characteristics at inclusion in the neurofeedback (NF) and motor imagery (MI) group

Characteristics
Age, y.0.; 59+11
fanomizatn, monh 34248
Sex
Male (n) 11
Female (n) 5
Stroke Type
Ischemic (n)
Haemorrhagic (n)
Hand affected
Right
Left
MIQRS
MIQRS IV 5.42+0.94
MIQRS IK 4.32+1.38
MIQRS IM 4.87+1.03
Motor function
FMA 38+11
CxA 487.2+£122.7
JAMAR (ratio) 0.218+0.26
Motor Activities
ARAT 19118
MAL (num) 2612
MAL (quant) 1+1.04
MAL (qual) 1.08+1.1
Patient independence
FIM 11349
Mean FA asymmetry 0.055+0.03

(2025) 22:67

p
62+13
22418 0,377
10
6
12
4
4.54+0.92 0,012*
4.3+0.97 0,979
4.42+0.83 0,186
40411 0,593
501.8+126.7 0,919
0.278+0.233 0,522
29+18 0,111
251 0,444
1.26+0.98 0,471
1.2740.99 0,621
110411 0,379
0.06 +0.048

Last column: p-value associated with the two-sample t-test for each characteristic; NF group in green and Ml group in grey
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improvement of ERD across sessions. No difference
was found between sessions for both EEG performance
during NF and MI, hence meaning an absence of effect
of sessions and between sessions.

c. Laterality Index

MRI LI increased non-significantly for both the NF
(t=0.908, p=0.37) and the MI group (t=1.98, p=0.19)

(Fig. 4D), with no significant between-groups differences
in LI improvements (t=— 0.25, p=0.8).

Regarding bimodal EEG LI, no significant session
effect was identified. However unimodal EEG LI dif-
fered significantly between the groups, with the NF
group demonstrating greater lateralization (t=— 3.56,
p=0.0004), albeit no significant effect of the session
was detected (t=— 0.1, p=0.9).
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d. FA

FA asymmetry index in the CST decreased in the NF
group and increased in the MI group (Fig. 5A). A non-
significant difference between the two groups was found
(Wilcoxon test, t=25; p=0,055). No significant FA
changes were detected in either the ipsilesional or con-
tralesional hemisphere (Fig. 5 within both groups when
comparing pre-training and post-training scans.

5. Relationships between brain activity and clinical
scores
a. Laterality Index

In the NF group, a non-significant positive correlation
was observed between unimodal AEEG LI and AFMA
(r=0.5; p=0.058). However, no correlations were found

between clinical scores and unimodal AEEG LI in the MI
group, nor were there correlation found between AMRI
LI and clinical changes in both groups.

b. FA Index

In the NF group, we observed a non-significant nega-
tive correlation between AFA asymmetry and AFMA
(r=- 0.1; p=0.73), while a non-significant positive cor-
relation was observed MI group (r=0.2; p=0.48).

Discussion

The objective of this study was to evaluate the efficacy of
a bimodal EEG-fMRI NF training alternated with uni-
modal EEG NF training, targeting ipsilesional SMA and
M1, compared to “non-guided” MI training for improv-
ing upper limb motricity in chronic stroke survivors
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Table 2 Neurofeedback and motor imagery within-group clinical evolutions between consecutive timepoints and between-groups
clinical evolutions

NF vs M

Clinical scores Al A2

P P
FMA-UE 40 3 0.003 2.7 0.029 38 0.5 0.633 0.3 0.868 0.048 0.239
CXA 502 | 9.8 0.211 | 3.9 0.702 487 | -5.1 0.562 | 1.1 0.916 0.097 0.505
ARAT 28.7 | -0.2 0.890 | 0.8 0.482 18.5 | 1.6 0.140 | 15 0.192 0.798 0.729
JAMAR 8.1 | 0.3 0.779 | 1.7 0.135 6.9 | -0.7 0.366 | 0.75 0.254 0.255 0.216
MAL QUANT 1.3 | 0.0 0.844 | 0.1 0.540 1.0 | 0.2 0.078 | 0.24 0.215 0.141 0.730
MAL QUAL 1.3 | 0.1 0.445 | 0.2 0.424 1.1 | 0.2 0.032 | 0.1 0.432 0.106 1.000
MAL NUM 25.3 0.3 0.610 0.4 0.455 26.1 -0.6 0.156 -0.43 0.212 0.193 0.246

NF: neurofeedback; MI: motor imagery; A1: difference between post intervention and pre-intervention stages; A2: difference between one month after training and
pre-intervention stages; Pre-average score at pre-interventional stage; uA1 and pA2: average score difference for the corresponding timepoints; p: p-value associated
with a Mann Whitney U Test. Bold values: significant difference p<0.05; CXA: Composit Active Range of Motion; FMA-UE: Fugl-Meyer Assessment Upper Extremity;
ARAT: Action Research Arm Test; JAMAR is a hand dynamometer measuring grip strength; MAL QUANTI; MAL QUALL; MAL NUM: Motor Activity Log; NF group in green
and Ml group in grey

Neurofeedback group (NF) Motor Imagery group (Ml)

p<0.005 (unc.)
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Fig. 3 Group statistical maps (p <0.005 uncorrected) and ROl analysis in ipsilesional and contralesional M1 and SMA for both the neurofeedback
(NF) group and the motor imagery (M) group, both before and after the intervention. Normalised individual contrast maps of patients
with right-hemispheric stroke lesions were flipped along the y-axis so that the ipsilesional hemisphere is the left hemisphere for all patients
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Fig. 4 Laterality Index (LI) scores and association with FMA-UE changes. A Boxplots of EEG LI scores for the neurofeedback (NF) and motor imagery
(MI) groups. EEG LI scores were calculated for the unimodal sessions. EEG LI changes were greater in the NF group than in the MI group. There

was no effect of session for each group. B, C Scatter plots of EEG LI changes compared to FMA-UE changes for the Ml group (B) and the NF group
(C). Each dot represents a participant. There was a non-significant positive correlation (r=0.5, p=0.058) in the NF group between FMA-UE change
and EEG LI change, and a trend of positive LI index corresponding to improvement in FMA score is observed (yellow shaded area) D Boxplots

of fMRI LI scores in the primary motor cortex (M1) for the NF and Ml groups. MRI LI scores were calculated during the fMRI NF sessions for the NF
group and during the fMRI Ml sessions for the Ml group. The changes were non-significant in NF (t=—0.908, p=0.379) and MI (t=— 1.384, p=0.188)
groups. E, F Scatter plots of fMRI LI in M1 changes compared to FMA-UE changes for the Ml group (E) and the NF group (F)

with partial motor impairment and preserved CST. We
hypothesized that NF, by guiding patients to upregulate
cerebral activity in precisely localized motor areas (SMA
and M1), would outperform MI training, which involves
a similar task but lacks brain activation feedback, in
enhancing UL motricity and fostering beneficial cerebral
plasticity.

The primary outcome of this randomised controlled
trial was UL motricity. Our findings indicate a trend
favouring NF over MI in improving UL motricity. Fur-
thermore, significant improvement in FMA-UE scores
was observed after NF training but not after MI train-
ing. Additionally, a greater proportion of responders was
observed in the NF group immediately post-interven-
tion, particularly among patients with initial FMA-UE
scores >40 (see Fig. 6). In the NF group, eight out of nine
patients with FMA-UE >40 demonstrated clear motricity
improvements (i.e., were responders), compared to only

two out of six in the MI group. Moreover, NF partici-
pants maintained motor improvement up to one-month
post-intervention, suggesting that participants in the NF
group may have gained long-lasting change in brain sys-
tems engaged in motor control, thereby facilitating ben-
eficial brain plasticity [36].

For patients with preserved CST, several studies have
shown that, the best substitute network for plasticity is
anatomically and functionally close to the initial damaged
network [37-39]. In such cases, reorganization relies
on perilesional direct motor tracts (e.g., M1 and ipsile-
sional premotor areas) [40]. However, for more severely
affected patients, M1 stimulation alone is less convinc-
ing. The inclusion of SMA in our approach was driven by
several factors: (1) SMA is more likely to remain intact
in ischemic stroke due to its location within the anterior
cerebral artery territory; (2) SMA projections to CST fib-
ers suggest a role in restoring motor function through
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Fig. 5 White matter integrity changes in the corticospinal tract (CST). A Changes in Fractional Anisotropy (FA) asymmetry pre-post in the CST

for the neurofeedback (NF) and motor imagery (MI) groups. B, C FA changes in both contra- and ispsi- lesional CST for the NF and MI

groups. D, E Fractional anisotropy asymmetry changes and relationship with FMA-UE changes for the NF and MI groups. CST FA asymmetry

is the difference in mean FA between the two CSTs (Unaffected — Affected)/(Unaffected + Affected), positive values indicate lower FA/more damage
in the stroke-affected CST. A non-significant difference was found between the NF group and the MI group (Wilcoxon test, t=26 p=0.055)

adaptive re-mapping after stroke [41]; and (3) SMA is
more easily engaged during motor imagery than M1 [42,
43], as demonstrated by prior studies [44—46].

Our results support the hypothesis that guiding
patients to both SMA and M1 would be interesting.
Patient engagement during NF training was evident
through the alternating increases and decreases in NF
scores during task and rest periods (see Fig. 2). Patients

successfully activated target brain areas (SMA and M1)
guided by the NF score during the NF sessions. They
were able to regulate the NF score from the first session.
Furthermore, we observed an improvement in the fMRI
NF score modulation across sessions, demonstrating that
they improved their capacity to self-activate the targeted
brain area (SMA and M1) throughout the sessions. Qual-
itative analysis of patient questionnaires revealed that
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NF training was perceived as more challenging and tir-
ing than MI, underscoring its demanding nature. None-
theless, patients’ compliance was excellent regardless of
group. All participants completed the 5-week intensive
training protocol. Even patients with low Motor Imagery
Questionnaire scores successfully engage in the NF pro-
tocol [47].

As described above, we found an improvement in the
online NF score. In addition, we observed promising
trends in offline metrics derived from EEG and MRI, par-
ticularly within the NF group. Specifically, we observed a
tendency for increased bold activity in the ipsilesional M1
and SMA in the NF group only, along with improvement
in LI measured by EEG. However, no such improvement
was noted for LI MRI, as bilateral activity increases were
observed in both M1 and SMA. Furthermore, change in
LI appeared to be associated with motor improvement.
LI, commonly used to quantify inter-hemispheric acti-
vation comparison comparisons, assumes that optimal
motor recovery follows a shift in brain activity toward
the ipsilateral cortex [36]. A positive correlation between
unimodal EEG LI and FMA-UE (r=0.5, p=0.058) was
identified. Our finding aligns with previous findings [48],
where a correlation between LI values and motor func-
tion of the upper limb was demonstrated.

We also noted a trend toward reduced FA asymmetry
of the CST in the NF group compared to the MI group,

suggesting structural changes in the CST induced by
NF training ([36]; Zolkefley et al.). Interestingly, nine
out of thirteen participants who showed FMA-UE score
improvements also exhibited greater reductions in FA
asymmetry (Fig. 5). This suggests enhanced ipsilesional
motor pathway function in approximately two-thirds of
NF responders, consistent with the findings of Sanders
et al. [36]. Our results further support the evidence that
NF can induce structural changes in white matter tracts
in the chronic stroke survivors, as previously shown in
healthy subjects [49]. Altogether, the sustained improve-
ments in motricity observed up to one-month post-train-
ing, combined with changes in brain activity and CST
structure, highlight the beneficial and long-lasting brain
plasticity induced by NF training [16, 50-52, 60].

Setting up a bimodal NF platform presented challenges
[7, 8]. We developed a protocol alternating bimodal and
unimodal sessions to increase training intensity. A key
question concerns the added value of including unimodal
EEG sessions alongside bimodal sessions. Our results
indicate that the bimodal mode enhances training by
combining the high spatial resolution of MRI with the
temporal resolution of EEG. Indeed, patients success-
fully activated target brain areas during both unimodal
EEG-NF and bimodal fMRI-EEG-NF sessions, with the
NF score predominantly driven by fMRI signals. This
finding supports the hypothesis that bimodal sessions
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amplify the effectiveness of unimodal sessions. Alternat-
ing bimodal NF (which is more resource-intensive) with
unimodal NF (which is easier to perform and less costly)
appears to be a promising strategy for achieving sufficient
rehabilitation intensity to improve recovery.

In our study, participants underwent 14 sessions over
five weeks (three sessions per week), comprising five
bimodal and nine unimodal sessions. This rehabilitation
schedule was informed by previous studies suggesting
that 30 min of training three times per week is necessary
to achieve effectiveness after stroke [53]. As suggested
by Thibault et al. in a previous review [54] on fMRI-NF,
the number of training sessions likely the sustainability of
motor improvements [55].

The control group underwent MI training rather than
sham NF training, as MI has previously been shown to
be effective [17]. Using a sham NF approach could poten-
tially have influenced changes in bold self-regulation [56]
and could have exacerbated the motor function deficits
of patients in the control group [57]. Despite the chal-
lenge of choosing an effective training as a control group,
we observed consistent positive effects in the NF group.
The MI group was structured similarly to the NF group,
utilising an EEG headset and undergoing a training pro-
tocol of identical duration and intensity. Analysis of qual-
itative questionnaires revealed similar treatment beliefs
between the two groups, underscoring the robustness of
the comparison.

Limitations

The primary limitation of our study was the reduced
sample size of patients (32 out of 36 attempted), which
decreased the study’s statistical power. The trial was
suspended from March 2020 to January 2021 due to the
COVID-19 pandemic, and financial and organizational
constraints necessitated the discontinuation of the proto-
col before completion.

A second limitation concerns the selection criteria.
Unlike some preliminary studies that included very selec-
tively chosen patients, we did not exclude patients based
on premorbid status and included stroke patients regard-
less of the characteristics of their stroke lesions. The
impact of patients’ premorbid status (e.g., age, diabetes)
on limiting brain structural reserve may partly explain
non-responder patients [58]. Additionally, stroke-related
variability (type of stroke, location and size of lesion,
post-stroke delay, and amount of rehabilitation received
before) may have contributed to the difficulty in estab-
lishing a correlation between motor improvement and
changes in brain activity. Nevertheless, this broad inclu-
sion criteria also strengthens the generalizability of our
results to patients regardless of their premorbid status
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and stroke lesion [59]. Individual data could be studied in
the future considering these considerations.

The third limitation is technical. The echo-planar imag-
ing (EPI) BOLD sequence covered the motor cortex but
not deeper brain regions. This limitation stemmed from
the need to balance a relatively high temporal resolu-
tion, i.e., a low Repetition Time (TR) of 1 s, with the finite
number of slices attainable within the constraints of the
imaging protocol using the standard BOLD sequence,
which at the time did not include multiband options.
This limitation precluded our ability to observe certain
networks, such as the default mode network or other net-
works intricately associated with NF [55]. However, in
another previous work (Lioi et al. 2021), we conducted an
analysis of changes in motor networks after NF training
that revealed, consistent with the results of this study, a
decrease in ipsilesional self-inhibitory connections cor-
responding to an increase in activation during the NF
motor task.

Significance and perspectives

In this study, we highlight the benefits of using a bimodal
NF protocol to train patients with preserved CST to
self-activate their SMA and M1 and improve UL motor
function following stroke. Our findings suggest that par-
ticipants with a Fugl-Meyer score greater than 40 derive
the greatest benefit from this rehabilitation approach.
To improve the logistical feasibility, reduce the cognitive
demands of the protocol, and minimize the time spent in
MRI, which is both limited and costly, it may be possi-
ble to utilize the data collected in this study to develop
a predictive model that reduces MRI reliance for future
patients [61]. Furthermore, providing feedback in a for-
mat that enhances mental imagery, such as combining
visual and haptic interfaces, could help lower the cogni-
tive demands of the training [9, 62].

For more severely affected patients with damaged CST,
identifying alternative targets beyond the primary motor
pathway is crucial. These targets could be tailored to each
patient based on the extent of motor pathway damage
and may involve regions in the contralateral hemisphere
or extrapyramidal accessory motor circuits [63, 64]. In
such cases, MRI is particularly valuable for accurately
identifying these new targets due to its superior spatial
resolution. Combining fMRI with EEG remains essential
to implement effective and practical neurofeedback.

Conclusion

We present the first randomized controlled trial involv-
ing simultaneous EEG-fMRI NF training in stroke sur-
vivors. This study demonstrates that this innovative
NF rehabilitation program, which proposes brain tar-
gets evolving throughout the protocol and alternates
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between bimodal and unimodal sessions, is feasible and
appears to be more effective in enhancing UL motric-
ity compared to an MI training protocol in participants
with partially functional CST. The results indicate that
improvements in motor outcomes are sustained one
month after the end of the protocol, suggesting the
maintenance of brain changes beyond the training
period. The combination of EEG and fMRI offers the
advantage of allowing precise definition of brain tar-
gets and delivering intensive training. In the future, it
will be necessary to adapt the training for more severely
affected patients and personalize brain rehabilitation
programs based on the lesion location and extent.
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