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Abstract

Background Restorative Brain—-Computer Interfaces (BCl) that combine motor imagery with visual feedback
and functional electrical stimulation (FES) may offer much-needed treatment alternatives for patients with severely
impaired upper limb (UL) function after a stroke.

Objectives This study aimed to examine if BCl-based training, combining motor imagery with FES targeting fin-
ger/wrist extensors, is more effective in improving severely impaired UL motor function than conventional therapy
in the subacute phase after stroke, and if patients with preserved cortical-spinal tract (CST) integrity benefit more
from BCl training.

Methods Forty patients with severe UL paresis (< 13 on Action Research Arm Test (ARAT) were randomized

to either a 12-session BCl training as part of their rehabilitation or conventional UL rehabilitation. BCl sessions were
conducted 3-4 times weekly for 3-4 weeks. At baseline, Transcranial Magnetic Stimulation (TMS) was performed

to examine CST integrity. The main endpoint was the ARAT at 3 months post-stroke. A binominal logistic regression
was conducted to examine the effect of treatment group and CST integrity on achieving meaningful improvement. In
the BCl group, electroencephalographic (EEG) data were analyzed to investigate changes in event-related desynchro-
nization (ERD) during the course of therapy.

Results Data from 35 patients (15 in the BCl group and 20 in the control group) were analyzed at 3-month follow-up.
Few patients (10/35) improved above the minimally clinically important difference of 6 points on ARAT, 5/15 in the BCl
group, 5/20 in control. An independent-samples Mann-Whitney U test revealed no differences between the two
groups, p=0.382. In the logistic regression only CST integrity was a significant predictor for improving UL motor func-
tion, p=0.007. The EEG analysis showed significant changes in ERD of the affected hemisphere and its lateralization
only during unaffected UL motor imagery at the end of the therapy.
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Conclusion This is the first RCT examining BCl training in the subacute phase where only patients with severe UL
paresis were included. Though more patients in the BCl group improved relative to the group size, the difference
between the groups was not significant. In the present study, preserved CTS integrity was much more vital for UL
improvement than which type of intervention the patients received. Larger studies including only patients with some

preserved CST integrity should be attempted.

Background

Around 50% of patients with stroke suffer from lim-
ited dexterity in the affected upper limb (UL), rang-
ing from slightly reduced dexterity to paralysis [1, 2].
Almost half of the patients with initial severe paresis,
without a functional hand, and paralysis do not reach
a satisfactory level of UL motor function, leaving many
with an unusable UL and dependent on help [3]. Since
most daily life activities are bimanual, impaired UL
function compromises daily activities, quality of life,
and vocational reintegration. Intensive training during
the first weeks to months is crucial for regaining motor
function [4]. During this period, the brain is most sus-
ceptible to reorganization [5]. However, it can be chal-
lenging to provide meaningful training for patients
who can hardly move their UL voluntarily. Contrary
to patients with some UL function who can participate
in interventions such as constraint-induced movement
therapy or task-specific training, there is a paucity of
evidence-based and effective interventions for patients
with severe paresis. Treatment options with some ben-
efit include mirror therapy, mental practice, functional
electrical stimulation, and advanced technologies, such
as EMG biofeedback, robotic assistance, and exoskele-
tons, usually only available in specialized rehabilitation
centers [6-8]. A relatively recent treatment alternative
are restorative brain—computer interface (BCI) sys-
tems based on new treatment strategies that pair brain
activity with contingent sensory feedback. Feedback
modalities may include visual, motor and somatosen-
sory stimulation. Visual feedback can involve 3D com-
puter graphics (e.g., virtual arm model movement on
the screen) or real object manipulations, while motor
and somatosensory stimulation can be delivered by
functional electrical stimulation (FES) or robotic (e.g.
exoskeleton) devices executing/assisting the desired
movements [9]. FES stimulates paretic sensorimotor
nerves and induces artificially generated movements
and afferent sensory feedback. Thereby, such restora-
tive BCls create a real-time feedback loop that can
facilitate plasticity by strengthening neural connections
[10-12]. Moreover, principles of experience-dependent
neural plasticity are applied since patients are cogni-
tively engaged in the training comprising many chal-
lenging repetitions, which is particularly relevant for

patients with severe paresis who are unable to partici-
pate in more active interventions [13].

Several reviews conclude that the evidence for BCI
training is still scarce, though promising, both as a restor-
ative and an assistive approach [14—17]. Different sys-
tems and heterogeneous patient groups, mostly in the
chronic phase after stroke, make comparisons challeng-
ing. Still, improvements in UL motor function in patients
in the chronic phase were significant and seemed to last
after completing BCI-based therapy [18-20], though it
can be debated if these improvements were clinically
meaningful. In a recent study, BCI training combined
with FES was found to increase resting state connectivity
between the hemispheres and within the motor network,
which correlated with improvements in UL motor func-
tion in chronic patients [21]. Other studies have found a
stronger desynchronization of alpha and beta bands in
the ipsilesional hemisphere after BCI training [22, 23],
and emphasized the importance of using BCI methods
to improve the sensorimotor rhythms associated with
movement preparation, as an alternative to modifying
the brain activity during movement [24].

However, the evidence of therapeutic effects from ran-
domized controlled clinical trials including BCI technol-
ogy for different patient populations is still insufficient
[16]. Few small-scale studies targeted patients with severe
paresis in the first weeks after stroke. Pichiorri et al. [22]
included 28 patients and found larger improvements for
the BCI group in combination with visual feedback than
for the control group. Morrone et al. [25] included eight
severely impaired individuals in the subacute stage but
focused on usability only.

Demonstrating possible treatment effects in the
subacute phase can be challenging due to spontane-
ous biological recovery [26]. Furthermore, patients
in the subacute phase frequently suffer from multi-
ple impairments and psychological distress, making it
more challenging to achieve levels of training intensity
even remotely close to those suggested by pre-clinical
research [27]. Most importantly, not all patients with
severe UL paresis may have the underlying biologi-
cal capacity in terms of cortico-spinal tract integrity
to respond to the BCI intervention [28]. In this con-
text, BCI training seems promising, but the evidence is
insufficient and challenging to generate.
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In this study, we examined the effectiveness of BCI
training for patients with severe upper limb paresis in the
subacute phase after stroke. Moreover, we investigated
potential changes in cortical activation in the BCI group.
We hypothesized that BCI training combined with visual
feedback and FES would result in better UL recovery
in the BCI group. We also expected changes in motor
imagery-related electroencephalography (EEG) patterns
towards enhanced laterality of the event-related sensori-
motor oscillations when approaching the end of therapy
in the BCI group, coinciding with the UL recovery pro-
cess. Furthermore, we hypothesized better UL recovery
for patients with preserved cortico-spinal tract (CST)
integrity, regardless of the type of intervention.

Methods

Design and setting

This study was a randomized controlled pilot trial. Forty
patients admitted to rehabilitation at a specialized neu-
rorehabilitation hospital were randomly allocated to
either intervention with BCI training or standard con-
trol treatment. Patients were assigned with the help of
a computerized randomization system with varying
block sizes provided by a data-managing web applica-
tion (REDcap ). All assessments were conducted by
therapists blinded to the group allocation. It was not
possible to blind patients. The study was approved by
the Regional Ethics Committee for the Central Jutland
Region in Denmark (registration number 1-16-02-173-
19). All participants provided informed written consent.
The study was prospectively registered at Clinicaltrials.
gov NCT04071587.

Eligibility criteria
Inclusion criteria: Adults with first-ever or former stroke
as confirmed by CT and/or MRI, without UL motor
residuals, within 60 days after stroke onset, severe paresis
or paralysis defined as <13 on the Action Research arm
Test (ARAT) [29], able to give informed consent, able to
comply with the treatment protocol, premorbid modified
Rankin scale <2 (self-reported).

Exclusion criteria: Other conditions limiting functional
use of the affected UL, psychiatric/behavioral conditions
that interfere with compliance to the protocol.

BCl system

The BCI system used was RecoveriX (g.tec, Austria). It
consisted of an EEG amplifier, a patient screen, a thera-
pist computer, and two FES devices, one for the left and
one for the right hand. The EEG system included a cap
with 16 active electrodes (g.Nautilus PRO, g.tec, Austria)
set up according to the international 10/20 system. EEG
channel locations were FC5, FC1, FCz, FC2, FC6, C5, C3,
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C1, Cz, C2, C4, C6, CP5, CP1, CP2, and CP6 while the
reference was placed on the right earlobe and the ground
at FPz.

The BCl intervention
The BCI intervention was provided as part of the usual
UL rehabilitation and not as an add-on to standard
training. The targeted number of training sessions in
the intervention group was 12. The sessions were con-
ducted 3-4 times a week over 3—4 weeks. The interven-
tion was as follows: (1) The patient wearing an EEG cap
was seated comfortably with both hands on a Table 2.
(2) The electrodes for FES were mounted on both fore-
arms to activate the left and right extensor digitorum
communis muscles. (3) In front of the patient there was
a computer screen where virtual hands were displayed.
Before the training, the therapist instructed the patient
to imagine opening (extension of the fingers and dorsal
extension of the wrist) in either the left or right hand as
randomly announced by the system. Actual hand move-
ments should not be attempted according to the instruc-
tion manual of the system. In the RecoveriX training, one
single movement lasted for 8 s, starting with an atten-
tion sound, followed by the instruction to imagine open-
ing either the left or right hand after 2 s. The subsequent
feedback phase started 1.5 s after the command and
lasted for 4.5 s until the command “relax” is announced
auditorily. Feedback was provided by the avatar hands on
the screen and FES inducing the imagined UL movement.
Each run consisted of 80 imagined movements. The first
run was used to calibrate the system to patients’ brain
waves (training of the EEG movement detector) and FES
was always provided to the left or right UL according to
the auditory cue. If patients could imagine the move-
ment consistently enough a classifier was created and the
training proceeded into the next phase. If not, the cali-
bration had to be repeated. During the second and subse-
quent runs, FES-induced movement of the hand was only
provided if left and right motor imagination could be
discriminated by the system, i.e., the classification confi-
dence reached a level of more than 50% (chance level).
The FES was set to a frequency of 50 Hz and a pulse
width of 300 ps and the stimulation intensity was indi-
vidually adjusted to produce a visible movement, if pos-
sible, close to a full extension without causing discomfort
(Fig. 1).

Control treatment

Patients in the control group received standard physi-
otherapy and occupational therapy according to clini-
cal guidelines during the same period. For patients with
severe UL paresis the methods of choice comprised



Brunner et al. Journal of NeuroEngineering and Rehabilitation

Fig. 1 The RecoveriX BCl system

mirror therapy, passive movements, electrical and sen-
sory stimulation.

TMS examination

Patients in both groups underwent a TMS examina-
tion at baseline to assess the integrity of the corticospi-
nal tract. Patients with contraindications to TMS were
excluded from this examination. The TMS examination
was conducted according to international guidelines [30].
Patients were seated with their ULs in a relaxed position.
A MagStim 200 unit (Magstim Co. Ltd) delivered mono-
phasic pulse waveforms using a 70-mm figure-of-eight
coil. The target area was the ipsilesional primary motor
area and the coil was directed to induce a posterior-to-
anterior current flow. The stimulation intensity started
at 50% of the maximal stimulator output (MSO) and was
increased in 10% steps. The examiner moved the coil in
approximately 1 c¢cm steps (anterior, posterior, medial,
lateral) to find the optimal location, and each area was
stimulated 3-5 times with a given intensity. Electromyo-
graphic activity was recorded from the first dorsal inter-
osseous and the extensor carpi radialis muscle of the
affected UL using standard surface electrodes. The stimu-
lus intensity was increased until motor-evoked potentials
(MEP) could be consistently observed in one or both tar-
get muscles, or until 100% MSO was reached. If no MEPs
were present at 100% MSO, the patients were asked to
clench both their fists (or attempt to do so in case of the
affected UL) to facilitate MEPs. Patients were classified as
MEP+ if it was possible to elicit either passive or active
MEPs with a peak-to-peak amplitude >50 uV at consist-
ent latency in response to at least 5 consecutive stimuli
[30, 31]. If this was not possible, patients were classified
as MEP—. The examiner was blinded to the allocation of
the patients.

EEG data processing and analysis
For patients in the BCI group, EEG data from the BCI
system calibration sessions were analyzed. Channels
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C3 and C4 were used for further analysis. Offline EEG
processing was performed in MATLAB (R2020a, The
MathWorks Inc., Natick, USA). Raw EEG was filtered
(4th order Butterworth band-pass filter) to extract 3 fre-
quency bands: alpha (8-13 Hz), beta (13-30 Hz), and
whole alpha—beta range (8—30 Hz). The filtered EEG was
squared and segmented with epochs ranging from 3 s
before the cue to 4 s after the cue i.e. [-3, 4] s, where 0
marks the cue instructing the patient to imagine opening
either the left or right hand. Noisy trials were identified
as the ones exceeding + 150 iV threshold in band-pass fil-
tered signals in the 0.1-30 Hz range. Additional manual
inspection of band-power time courses of signals filtered
in the 8—-30 Hz range was implemented to remove noisy
epochs.

Band-power time courses for each frequency band
were averaged over each session and movement type
(left/right). Event-related desynchronization/synchroni-
zation (ERD/ERS) values were calculated for each session
according to the following equation [32]:

Pmov — Pref

ERD/ERS (%) = 100 % — ; (1)

Pmov was calculated as the median value of the aver-
aged band-power time course for each session and
movement type, in the time interval [1, 4] s. Pref was cal-
culated as the median value of the averaged band-power
time course for each session and movement type, in the
interval [— 3, —1] s. By definition, ERD is a negative value
representing the percent decrease of band-power dur-
ing motor imagery compared to the resting state, and
stronger (lower negative values) ERD reflects higher cor-
tical activations during the MI tasks [32]. For the patients
with right body side hemiparesis, ERD/ERS values were
flipped for channels C3 and C4 as well as the markers for
movement types, simulating that all the patients had left
side hemispheres to simplify the presentation and inter-
pretation of the results.

A laterality index (LI) was calculated for each patient,
run, movement type, and frequency band, based on the
following equation:

. ERDi — ERDc
" abs(ERDi) + abs(ERDc) )

ERDi denotes ipsilesional ERD while ERDc contral-
esional ERD. In this context, since the data were trans-
formed to simulate left body side paresis in all patients,
(i-e. right hemisphere injury), ERDi values were the ones
extracted from C4 while ERDc values were extracted
from C3 channel. By using Eq. 2, the LI approached
a value of —1 when the brain activity was either purely
ipsilesional or 1 for purely contralesional activation.
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Since the BCI therapy was conducted over multiple ses-
sions, all extracted EEG parameters were averaged over
the first fourth of the sessions and the last fourth of the
sessions for each patient in order to obtain a single value
for each parameter that represents the beginning and end
of the therapy process. Taking into account the variability
that may impact the results of a single session, we used
the average of multiple sessions to represent a time point
in the therapy process.

Outcome measures
At baseline, medical and demographic information was
collected, see Table 1. Assessments with clinical scales
were performed at baseline and 3 months post-stroke.
The main outcome measure was the Action Research
Arm Test (ARAT) at three months post-stroke. The
ARAT is widely applied and has excellent psychometric
properties [33]. The ARAT is used to evaluate different
aspects of UL motor function from gross to fine motor
skills on a scale of 0-57 (best). A secondary outcome
measure was the Fugl-Meyer Motor Assessment UL
(FMA-UL) a measurement of UL impairment on a scale
of 0-66 (best). [34]

For the BCI group, EEG measures were: (1) ERD val-
ues for three frequency bands (8—-30 Hz, 8-13 Hz, and
13-30 Hz), two imagery tasks (affected and less affected

Table 1 Demographic and clinical characteristics
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hand movement imagery), and two EEG channels, and
(2) associated LI values for three frequency bands and for
affected and less affected hand movement imagery.

Data analysis

SPSS28 was used to analyze data from the clinical scales.
Descriptive statistics were applied to describe demo-
graphic and baseline characteristics. Differences in ARAT
and FMA scores within groups were explored using
related samples Wilcoxon signed-rank test. Differences in
improvement between the groups at three months post-
stroke were compared with independent samples Mann—
Whitney U tests. A per protocol analysis was conducted.

A binominal logistic regression was performed
to assess the effect of treatment and CST integrity
(MEP+/-) on the likelihood that patients will experience
a clinically meaningful difference in UL function. The
minimally clinically important difference (MCID) was set
to 6 for the ARAT [35]. The significance threshold was
set to 0.05. Since this was a pilot study, no power calcula-
tion had been performed.

The normality of ERD and LI data was tested using the
Kolmogorov—Smirnov test. Paired samples t-test was
employed for ERD analysis, while the Wilcoxon signed-
rank test was used for LI analysis, to assess statistically

All (n=40) BCl (n=19) Control (n=21)

Age, years, (SD) 56 (13) 56 (14) 57.(11)
Gender: male 25 (62%) 11 (44%) 14 (56%)
Days post stroke (SD) 33 (14) 31(10) 34 (16)
Stroke type: infarction/hemorrhage/both 13/25/2 8/11/0 5/14/2
Stroke location

Cortical 13 6 7

Cortical and subcortical 5 2 3

Subcortical 20 10 10

Brainstem 2 1 1
Stroke severity

NIHSS (SD) 159 (4.9) 15.1(2.7) 159 (4.9)

Scandinavian Stroke Scale (SD) 24.0 (8.6) 25 (6) 23(11)

Hemiparetic side, left 25 (62.5%) 11 (57.9%) 14 (66.7%)

Dominant side affected 14 (35%) 7 (36.8%) 7 (33%)

Able to move hand at onset 0 0 0

Able to walk at onset 0 0 0

Modified Rankin scale at baseline 4 (4/4) 4(4/4) 4 (4/4)

ARAT score at baseline median (IQR) 0(0) 0(0) 0(0)

FMA score at baseline median(Q1-Q3) 4(2/4) 4(2/4) 4(2/4)

FIM score at baseline median (Q1-Q3) 47 (38/57) 43 (38/51) 47 (36/66)

Neglect present at enrolment, n (%) 8 (21%) 5(27.8%) 3(15.0%)

MEP+/MEP— (n=32) 18/14 8/6 6/12
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significant differences between the beginning and the end
of therapy.

Results
Forty patients were included from August 2019 to Feb-
ruary 2022. Due to the Covid-19 pandemic, the inclu-
sion had to be interrupted for approximately 6 months
in total. Follow-up assessments could be obtained for 35
patients, 5 patients had discontinued their participation,
4 in the BCI group, and 1 in the control group, Fig. 2.
Reasons for discontinuing were mainly unrelated to the
study, such as worsening medical instability (n=1), and
early discharge (n=2). One participant in the BCI group
experienced muscle soreness due to the FES, which could
not be resolved by decreasing the stimulation intensity.
In the control group, one patient retracted their consent.
Patients in the two groups did not differ with regard
to age, days post-stroke, stroke severity, and other char-
acteristics at baseline. The ability to move the hand and
to walk at stroke onset was based on a score of 0 for the
hand item, and a score of 0 or 3 for the gait item on the
Scandinavian Stroke Scale conducted at the acute hospi-
tal [36].
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TMS examinations could be performed with 32
patients, seven had contraindications, and one declined.
Demographic and medical information is presented in
Table 1.

Patients in the BCI group received a mean of 10.6
(+2.5) treatment sessions with the BCI system. As the
BCI training was not an add-on but a part of UL training,
the amount of training received was balanced. Patients
received on average 11.15 h of physiotherapy and occu-
pational therapy per week in both groups. The therapy
did also address other impairments. The 3—4 h BCI train-
ing per week was part of the regular physiotherapy and
occupational therapy sessions. A BCI session, including
donning on doffing, lasted for 60 min and most patients
did 160 repetitions during a session.

There was a statistically significant improvement
within the groups from baseline to 3-month assessment,
p=0.012 for the control group, p=0.007 for the BCI
group for the main outcome measure ARAT. The median
score for the BCI group changed from a baseline median
(IQR) of 0 (0) for ARAT and 4 (3) for FMA to a 3-month
follow-up score of 3 (11) for ARAT and 6.5 (21) for FMA.
The control group had a baseline median (IQR) score of 0

665 patients with stroke
considered for inclusion
( 623 not eligible*
did not meet cognitive and/or motor
inclusion criteria, were medically
——————>1 unstable, discharged too early,
admitted to rehabilitation > 60 days
after stroke
\v4 \_ 2 declined to participate

40 patients randomized]—

l
==

15 patients completed
15 patients included in]

assessment
4 patients
discontinued
intervention
Vv

3-month follow-up
[ the analysis

Fig. 2 The flow of patients through the study

A"/

21 assigned to
control group

J,

20 patients completed
3-month follow-up

|
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|
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1 patient
discontinued
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(0) on ARAT and 4 (2) on FMA, and a 3-month follow-up
score 0 (9) on ARAT and 4 (21) on FMA. The between-
group differences were not statistically significant, nei-
ther for ARAT (p=0.328) nor for FMA (p=0.406).

In general, only a few patients (10/35) in our sample
improved and reached the MCID of 6 points change
for ARAT at three months post-stroke. Of those, more
patients were in the BCI group (5/15=33%, CI95%
12-62%) than in the control group (5/20=25%, CI95%:
9-49%). Figure 3 displays the numbers for the BCI and
the control group.

The logistic regression with “allocation” (BCI/control)
and “MEP status” (MEP+/MEP-) as independent varia-
bles, and a MCID of >6 on ARAT as dependent variable,

BCI group baseline
14
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was performed on 29 patients with complete data for
both ARAT at three months and MEP status. An interac-
tion term of allocation and MEP could not be estimated
due to the limited sample size. The model explained
46.2% (Nagelkerke R%) of the variance in achieving an
MCID on ARAT. Of the two independent variables, only
MEP status was statistically significant. Patients with
MEP+ had 29.4 higher odds to achieve some improve-
ment in UL function, see Table 2.

Results of EEG data analysis

EEG data from 15 patients in the BCI group were
included in the analysis. Data from one patient was cor-
rupted and thus excluded, leaving 14. The results revealed

Control group baseline
18

20

[2]
c
©
2
9
£
©
o
G
g
E & BCI group follow-up 14 Control group follow-up
z
12
10 r
8 L
6 F
4 L
2 L
0
0 3 4 9 11 14 17 48 0 3 5 10 20 26 50 56
ARAT scores

Fig. 3 Distribution of scores on Action Research Arm Test (ARAT) at baseline (blue) and 3 months post-stroke for the BCl group and the control
group. The green bars denote patients with improvement of at least 6 points on ARAT, the red bars with a change of less than 6 on ARAT

Table 2 Logistic regression with allocation and MEP status as independent variables

B S.E Wald df p-value Exp (B) 95% Cl for Exp (B)
Lower Upper
Allocation (BCl) —0.668 1.066 0.393 1 0.531 0.513 0.063 4.140
MEP status (+) 3.381 1.252 7.293 1 0.007 2941 2528 342182
Constant —2538 1.057 5.769 1 0.016 0.079
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statistically significant differences for one ERD param-
eter and one LI parameter, where negative LI values
reflect ipsilesional while positive LI values reflect con-
tralesional activation. Firstly, for the less affected hand
movement imagery, the mean ERD within the 8-30 Hz
band in the affected hemisphere was significantly weaker
at the end of therapy (—20+21%) than at the beginning
(—29+26%). Secondly, for the less affected hand move-
ment imagery, the LI within the same band was signifi-
cantly higher (median {Q1, Q3}) for values reflecting the
end of therapy (—0.06 {—0.29, 0.15}) compared to that
obtained at the beginning (- 0.26 {—0.53, 0.01}), Fig. 4.

Discussion
In this study, we compared BCI training to standard
training in patients with severe UL paresis after stroke.
Slightly more patients in the BCI group (5/15) compared
to the standard training group (5/20) achieved a clinically
meaningful improvement of at least 6 points on ARAT.
However, the difference was not statistically significant.
MEDP status was much more vital for future UL function
than the type of treatment patients received.

This is the first study examining BCI training in the
subacute phase where mainly patients with UL paralysis
participated. This is a group for whom we lack effective

20 ’ ) 1

N
S}
T
.

_70 1 1
start end
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treatments and where in general many will suffer from
persistent impairments [37, 38]. Though the patients
were relatively homogenous with regard to their severe
UL impairment, we did not exclude patients with
MEP- or unknown MEP status. The lack of UL recovery
potential in a substantial part of our patients may have
distorted the results. The use of biomarkers, especially
TMS, to identify and stratify patients, is endorsed by
several studies [29, 39] and recommended by the Stroke
Recovery and Rehabilitation Roundtable [40]. Yet its use
is not unequivocal since some patients with MEP— still
improve their UL function. Hoonhorst et al. found no
added value of TMS within the first 48 h but at 11 days
after stroke [41]. In the study by Lundquist et al. 2 of 12
patients with MEP— achieved some dexterity [42]. Pow-
ell et al. applied neuromodulation in both patients with
MEP+ and MEP- [43]. They found an improvement
of 4.2 points on FM and 1.8 points on ARAT in MEP—
patients. While these improvements are statistically sig-
nificant, they are below the MCID for the assessment
tools and do not indicate distal dexterity. An exception is
the analysis by Senesh and Reinkensmeyer where some
patients presumably without CST integrity responded
to intensive training in the chronic phase [44]. Still,
they did not reach advanced levels of fine motor skills.

0.8r 1

o o 9
[N N
T T T
. ) .

Laterality index
o
]

start end

Fig. 4 Boxplots show the EEG performance indices for each patient are depicted, namely: the left plot shows broadband (8-30 Hz) ERD

for the affected hemisphere during less affected hand imagery for the values reflecting the start and end of therapy, and the right plot broadband
LI during less affected hand imagery. Gray lines connect the values of the respective index computed at the start and the end of the BCl treatment
for each patient. The asterisk (*) symbol is used to indicate statistically significant differences (p <0.05) between paired values, representing the start

and end of the therapy
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Classic experiments with non-human primates with
lesions of the hand representation in the primary motor
area showed that the animals regained control over arm
movements, though slower, but not over selective fin-
ger movements [45]. Though alternative pathways, such
as the rubrospinal tract, reticulospinal, and ipsilesional
connections have been regarded as a potential means of
compensating for CST damage [46, 47], CST integrity
still seems to be the most decisive factor in regaining fine
motor skills [40, 48]. Nevertheless, we cannot rule out
that some people may be better capable of compensating
for lost CST integrity, at least to some degree [44].

In our study, most patients (15/16) with MEP— did
not reach any dexterity in the affected UL. This seems to
be in contrast to the results by Pichiorri et al. [22], the
only other study with subacute patients. In this study,
14 patients without detectable MEPs participated and
many of those improved. However, it has to be taken into
account that this improvement was likely limited to prox-
imal, i.e., shoulder and upper arm function, and did not
include finger movements [49]. In general, their sample
included patients with better UL motor function, with
a mean FMA score of 23.4+17.3 in the BCI group and
24.2+18.2 in control, and less overall stroke severity, a
mean NIHSS score of 9+2.6 in the BCI group and 8 £2.3
in control, than our sample with a mean FMA score of
3.4+2.0 in the BCI group and 4.7+5.7 in control, and
a mean NIHSS score of 15.1+2.7 in the BCI group and
15.9+4.9 in control. Consequently, our findings corrobo-
rate the need for the stratification of patients in research
and clinical applications based on the recovery potential
derived from biomarkers and clinical assessments [50].

In the present study, patients received a mean of
10.6 BCI sessions. We cannot tell if more BCI sessions
would have led to better results. When applied in the
chronic phase, frequently a much longer treatment
phase of 20-25 training sessions [20, 51, 52], or 18-30 h
was offered [23]. This was not achievable in our suba-
cute setting with a limited length of stay and patients
suffering from multiple impairments which also needed
to be addressed. In many cases, it was quite challenging
to conduct 3—4 sessions a week. Yet, some other stud-
ies also applied a similar number of sessions. Biasucci
et al. [19] conducted 10 sessions of BCI-actuated FES
compared to sham FES over 5 weeks in 27 patients in
the chronic phase and found significant improvement
in the BCI-FES group that was retained 6—12 months
after the intervention. In the above-mentioned study by
Pichiorri et al. [22], 3 weekly sessions for 4 weeks were
provided. Both groups improved, but there was a sig-
nificantly larger improvement in the BCI group. Not
only the number of BCI sessions but also the number of
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trials within a session could be relevant. Compared to
a study by Sebastian-Ramogosa et al. [20] applying the
same BCI system (RecoveriX, g.tec) in patients in the
chronic phase after stroke, our patients received not
only fewer sessions but also fewer runs with fewer trials
within the session, only 160 as compared to 240. This
was mainly caused by the lack of endurance in our sub-
acute sample where patients suffered multiple motor
and cognitive impairments, e.g., most were wheelchair
users at the time of treatment. BCI training was well
tolerated by these severely impaired patients when con-
fined to 160 trials, which was still more or equal to the
number of trials targeted in other studies [19, 22].

EEG analysis revealed a significant increase of LI for
less affected hand movement imagery indicating an
increase in contralesional activation towards the end
of therapy in the broad range of movement-related fre-
quencies. Unilateral movement imagery induces pre-
dominantly contralateral brain activation, reflected
in contralateral ERD [53]. Since our results indicate
a weakening of ipsilateral cortical activation for less
affected hand imagery this may reflect a more natu-
ral activation pattern for less affected hand imagery
towards the end of therapy, in line with both ERD and
LI results. This normalization was expressed in an
engagement of the lesioned hemisphere, as well as the
laterality of the event-related sensorimotor oscillations
during the less affected UL motor imagery over the
course of BCI training. The observed changes in EEG
pattern over time correspond to the statistically sig-
nificant change in clinical scores on ARAT and FMA
within the BCI group, implying that improvement in
UL function might occur due to plastic changes within
the brain. We emphasize that all patients successfully
controlled the BCI system using sensorimotor alpha
and beta rhythms during therapy. ERD/ERS of the sen-
sorimotor rhythms was present in all analyzed data,
confirming that the severity of impairment did not
affect the presence of cortical activation in both hemi-
spheres during UL motor imagery.

The lack of changes in the affected hemisphere for the
affected hand motor imagery in our study is in contrast
to findings by Pichiorri et al. who found significantly
stronger contralateral ERD of the alpha and beta bands
for both affected and unaffected UL imagery. However,
their BCI patients had substantially higher UL function
at baseline (mean FMA 23.4+17.3) and experienced
some recovery. We can only assume that the absence of
any significant difference in event-related desynchro-
nization (ERD) during affected hand motor imagery
throughout the course of therapy may be attributed to
the severe impairment and very limited recovery in our
patients.
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Limitations

The main limitation of this study is the small sample size.
Yet, it was conceptualized as a pilot study and these pre-
liminary results can guide future research. A further limi-
tation could be the relatively small number of sessions
provided which was restricted by the length of stay and
the patients’ general condition. Most UL recovery occurs
within the first few months of stroke and preferably, the
TMS examination should have been conducted at a fixed
point in time within a few weeks after stroke. However,
this was not possible because patients were admitted to
rehabilitation and/or were medically stable enough to
comply with testing and treatment procedures at vari-
ous points in time. Still, as can be seen from Table 1, all
included patients were in the subacute phase after stroke.
The odds ratio of 29.4 for regaining motor function for
the patients with MEP+ is quite large, however, it is
uncertain in light of the small sample size and the large
CI (2.528-342.182).

The patients were heterogeneous with regard to the
type of stroke and stroke localization. While this het-
erogeneity can make it more challenging to draw strong
conclusions, it does reflect clinical reality. We tried to
balance the amount of UL training in both groups, but
we could not objectively quantify it. Moreover, we did
not register the amount of UL training received between
discharge and the 3-month assessment. Furthermore, a
selected group of patients was included, both with regard
to UL impairment, contributing to the low inclusion rate,
and the severity of their stroke in general. Thus, we can-
not rule out that eventual additional rehabilitation and
further spontaneous recovery could have influenced the
outcome. However, there is no indication that there could
have been a systematic difference between patients in the
BCI and control groups. Therapists in municipality reha-
bilitation services were not aware of any study participa-
tion and the amount of spontaneous recovery that can
realistically be expected 2 months after stroke is limited.
Consequently, the results cannot be generalized to peo-
ple with less impairment or at a later phase after stroke.

Conclusions

We did not find a difference in UL function improve-
ment between patients receiving BCI training and those
receiving standard UL rehabilitation only. However, a
substantial part of the patients included suffered from a
loss of CST-integrity, which likely limited their UL recov-
ery potential independent of the type of training. Con-
sequently, we can neither refute nor confirm that BCI
training could be effective for patients with preserved
CST-integrity. Larger studies recruiting only patients
with some preserved CST-integrity should be attempted.
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Moreover, the intensity of the BCI training provided in
the present study was low. Ideally, BCI should be con-
tinued ambulatory or at home after discharge to achieve
sufficient intensity. Evidence from this study may be
important for further determination of the type, onset,
intensity, and dose of BCI therapy in severely impaired
stroke patients in the subacute phase.

Acknowledgements
The authors would like to thank the participating patients and project
therapists.

Author contributions

IB and AS conceived and designed the study. ARP guided the analysis of the
clinical data. CBL, SD, and ES provided advice for the study and revised the
manuscript. AS conducted all analyses on EEG data. All authors read and
approved the final manuscript.

Funding
This study was funded by Helsefonden, Denmark. Grant number 19-B-0147.

Availability of data and materials
Data are available from the corresponding author upon request.

Declarations

Ethics approval and consent to participate

The study was approved by the Regional Ethics Committee for the Central Jut-
land Region in Denmark (registration number 1-16-02-173-19). All participants
provided informed written consent.

Competing interests
SD is associate editor of JNER.

Author details

'Department of Clinical Medicine, Hammel Neurocenter and University
Hospital, Aarhus University, Voldbyvej 12, 8450 Hammel, Denmark. “Ham-

mel Neurocenter and University Research Hospital, 8450 Hammel, Denmark.
3University Research Clinic for Innovative Patient Pathways, Diagnostic Centre,
Silkeborg Regional Hospital, 8600 Silkeborg, Denmark. “Department of Health
Science and Technology, Aalborg University, 9220 Aalborg, Denmark. °Science
and Research Centre, University of Belgrade-School of Electrical Engineering,
Belgrade 11000, Serbia.

Received: 18 March 2023 Accepted: 9 January 2024
Published online: 20 January 2024

References

1. Kwakkel G, Kollen B. Predicting improvement in the upper paretic limb
after stroke: a longitudinal prospective study. Restor Neurol Neurosci.
2007,25(5-6):453-60.

2. Persson HC, Parziali M, Danielsson A, Sunnerhagen KS. Outcome and
upper extremity function within 72 hours after first occasion of stroke in
an unselected population at a stroke unit. A part of the SALGOT study.
BMC Neurol. 2012;12:162.

3. Winters C, Kwakkel G, Nijland R, van Wegen E, EXPLICIT-Stroke Consor-
tium. When does return of voluntary finger extension occur post-stroke?
A prospective cohort study. PLoS ONE. 2016;11(8): e0160528.

4. Nudo RJ. Recovery after brain injury: mechanisms and principles. Front
Hum Neurosci. 2013;7:887.

5. Zeiler SR, Krakauer JW.The interaction between training and plasticity in
the poststroke brain. Curr Opin Neurol. 2013;26(6):609-16.

6. Thieme H, Morkisch N, Mehrholz J, Pohl M, Behrens J, Borgetto B, Dohle
C. Mirror therapy for improving motor function after stroke. Cochrane
Database Syst Rev. 2018;7:CD008449.



Brunner et al. Journal of NeuroEngineering and Rehabilitation

20.

21.

22.

23.

24.

Hayward K, Barker R, Brauer S. Interventions to promote upper limb
recovery in stroke survivors with severe paresis: a systematic review.
Disabil Rehabil. 2010;32(24):1973-86.

Mehrholz J. Is electromechanical and robot-assisted arm training effec-
tive for improving arm function in people who have had a stroke?: A
Cochrane review summary with commentary. Am J Phys Med Rehabil.
2019,98(4):339-40.

Xie YL, Yang YX, Jiang H, Duan XY, Gu LJ, Qing W, Zhang B, Wang YX.
Brain-machine interface-based training for improving upper extremity
function after stroke: a meta-analysis of randomized controlled trials.
Front Neurosci. 2022;16: 949575.

Remsik A, Young B, Vermilyea R, Kiekhoefer L, Abrams J, Evander Elmore
S, Schultz P, Nair V, Edwards D, Williams J, Prabhakaran V. A review of the
progression and future implications of brain-computer interface thera-
pies for restoration of distal upper extremity motor function after stroke.
Expert Rev Med Devices. 2016;13(5):445-54.

. Mazrooyisebdani M, Nair VA, Loh PL, Remsik AB, Young BM, Moreno BS,

Dodd KC, Kang TJ, William JC, Prabhakaran V. Evaluation of changes in the
motor network following BCl therapy based on graph theory analysis.
Front Neurosci. 2018;12:861.

Mrachacz-Kersting N, Stevenson AJT, Jorgensen HRM, Severinsen KE,
Aliakbaryhosseinabadi S, Jiang N, Farina D. Brain state-dependent
stimulation boosts functional recovery following stroke. Ann Neurol.
2019;85(1):84-95.

Kleim JA, Jones TA. Principles of experience-dependent neural plasticity:
implications for rehabilitation after brain damage. J Speech Lang Hear
Res. 2008;51(1):5225-39.

Carvalho R, Dias N, Cerqueira JJ. Brain-machine interface of upper limb
recovery in stroke patients rehabilitation: a systematic review. Physiother
Res Int. 2019;24: e1764.

Lopez-Larraz E, Sarasola-Sanz A, Irastorza-Landa N, Birbaumer N, Ramos-
Murguialday A. Brain—-machine interfaces for rehabilitation in stroke: a
review. NeuroRehabilitation. 2018;43(1):77-97.

Cervera MA, Soekadar SR, Ushiba J, Milldn JDR, Liu M, Birbaumer N,
Garipelli G. Brain—computer interfaces for post-stroke motor rehabilita-
tion: a meta-analysis. Ann Clin Trans| Neurol. 2018;5(5):651-63.
Angerhéfer C, Colucci A, Vermehren M, Homberg V, Soekadar SR. Post-
stroke rehabilitation of severe upper limb paresis in Germany—toward
long-term treatment with brain-computer interfaces. Front Neurol.
2021;12:772199.

Ramos-Murguialday A, Curado MR, Broetz D, Yilmaz O, Brasil FL, Liberati G,
Garcia-Cossio E, Cho W, Caria A, Cohen LG, Birbaumer N. Brain—-machine
interface in chronic stroke: randomized trial long-term follow-up. Neu-
rorehabil Neural Repair. 2019;33(3):188-98.

Biasiucci A, Leeb R, Iturrate |, Perdikis S, Al-Khodairy A, Corbet T, Schnider
A, SchmidlinT, Zhang H, Bassolino M, Viceic D, Vuadens P, Guggisberg AG,
Milldn JDR. Brain-actuated functional electrical stimulation elicits lasting
arm motor recovery after stroke. Nat Commun. 2018;9(1):2421.
Sebastidan-Romagosa M, Cho W, Ortner R, Murovec N, Von Oertzen T,
Kamada K, Allison BZ, Guger C. Brain computer interface treatment for
motor rehabilitation of upper extremity of stroke patients—a feasibility
study. Front Neurosci. 2020;14: 591435,

Sinha AM, Nair VA, Prabhakaran V. Brain—-computer interface training with
functional electrical stimulation: facilitating changes in interhemispheric
functional connectivity and motor outcomes post-stroke. Front Neurosci.
2021;15:670953.

Pichiorri F, Morone G, Petti M, Toppi J, Pisotta I, Molinari M, Paolucci S,
Inghilleri M, Astolfi L, Cincotti F, Mattia D. Brain—computer interface
boosts motor imagery practice during stroke recovery. Ann Neurol.
2015;77(5):851-65.

Remsik AB, Dodd K, Williams L Jr, Thoma J, Jacobson T, Allen JD, Advani
H, Mohanty R, McMillan M, Rajan S, Walczak M, Young BM, Nigogosyan

Z, Rivera CA, Mazrooyisebdani M, Tellapragada N, Walton LM, Gjini K, van
Kan PLE, Kang TJ, Sattin JA, Nair VA, Edwards DF, Williams JC, Prabhakaran
V. Behavioral outcomes following brain-computer interface intervention
for upper extremity rehabilitation in stroke: a randomized controlled trial.
Front Neurosci. 2018;12:752.

Norman SL, McFarland DJ, Miner A, Cramer SC, Wolbrecht ET, Wolpaw JR,
Reinkensmeyer DJ. Controlling pre-movement sensorimotor rhythm can
improve finger extension after stroke. J Neural Eng. 2018;15(5): 056026.

(2024) 21:10

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 11 of 12

Morone G, Pisotta I, Pichiorri F, Kleih S, Paolucci S, Molinari M, Cincotti

F, Kubler A, Mattia D. Proof of principle of a brain—-computer interface
approach to support poststroke arm rehabilitation in hospitalized
patients: design, acceptability, and usability. Arch Phys Med Rehabil.
2015;96(3 Suppl):S71-8.

Kwakkel G, Kollen B, Twisk J. Impact of time on improvement of outcome
after stroke. Stroke. 2006,37(9):2348-53.

Krakauer JW, Carmichael ST, Corbett D, Wittenberg GF. Getting neurore-
habilitation right: what can be learned from animal models? Neuroreha-
bil Neural Repair. 2012;26(8):923-31.

Pizzi A, Carrai R, Falsini C, Martini M, Verdesca S, Grippo A. Prognostic
value of motor evoked potentials in motor function recovery of upper
limb after stroke. J Rehabil Med. 2009;41(8):654-60.

Stinear CM, Byblow WD, Ackerley SJ, Barber PA, Smith MC. Predicting
recovery potential for individual stroke patients increases rehabilitation
efficiency. Stroke. 2017;48(4):1011-9.

Groppa S, Oliviero A, Eisen A, Quartarone A, Cohen LG, Mall V, Kaelin-Lang
A, Mima T, Rossi S, Thickbroom GW, Rossini PM, Ziemann U, Valls-Sole J,
Siebner HR. A practical guide to diagnostic transcranial magnetic stimula-
tion: report of an IFCN committee. Clin Neurophysiol. 2012;123(5):858-82.
Morita H, Baumgarten J, Petersen N, Christensen LO, Nielsen J. Recruit-
ment of extensor-carpi-radialis motor units by transcranial magnetic
stimulation and radial-nerve stimulation in human subjects. Exp Brain
Res. 1999;128(4):557-62.

Pfurtscheller G, Andrew C. Event-related changes of band power and
coherence: methodology and interpretation. J Clin Neurophysiol.
1999;16(6):512-9.

Platz T, Pinkowski C, van Wijck F, Kim IH, di Bella P, Johnson G. Reliability
and validity of arm function assessment with standardized guidelines for
the Fugl-Meyer test, action research arm test and box and block test: a
multicentre study. Clin Rehabil. 2005;19(4):404-11.

Lundquist CB, Maribo T. The Fugl-Meyer assessment of the upper extrem-
ity: reliability, responsiveness and validity of the Danish version. Disabil
Rehabil. 2017;39(9):934-9.

van der Lee JH, Beckerman H, Lankhorst GJ, Bouter LM. The responsive-
ness of the action research arm test and the Fugl-Meyer assessment scale
in chronic stroke patients. J Rehabil Med. 2001;33(3):110-3.

Christensen H, Boysen G, Truelsen T. The Scandinavian stroke scale
predicts outcome in patients with mild ischemic stroke. Cerebrovasc Dis.
2005;20(1):46-8.

Persson HC, Opheim A, Lundgren-Nilsson A, Alt Murphy M, Danielsson A,
Sunnerhagen KS. Upper extremity recovery after ischaemic and haemor-
rhagic stroke: part of the SALGOT study. Eur Stroke J. 2016;1(4):310-9.
Kwakkel G, Kollen BJ, van der Grond J, Prevo AJ. Probability of regaining
dexterity in the flaccid upper limb: impact of severity of paresis and time
since onset in acute stroke. Stroke. 2003;34(9):2181-6.

Stinear CM, Barber PA, Petoe M, Anwar S, Byblow WD. The PREP algorithm
predicts potential for upper limb recovery after stroke. Brain. 2012;135(Pt
8):2527-35.

Boyd LA, Hayward KS, Ward NS, Stinear CM, Rosso C, Fisher RJ, Carter AR,
Leff AP, Copland DA, Carey LM, Cohen LG, Basso DM, Maguire JM, Cramer
SC. Biomarkers of stroke recovery: consensus-based core recommenda-
tions from the stroke recovery and rehabilitation roundtable. Neuroreha-
bil Neural Repair. 2017;31(10-11):864-76.

Hoonhorst MHJ, Nijland RHM, van den Berg PJS, Emmelot CH, Kollen BJ,
Kwakkel G. Does transcranial magnetic stimulation have an added value
to clinical assessment in predicting upper-limb function very early after
severe stroke? Neurorehabil Neural Repair. 2018;32(8):682-90.

Lundquist CB, Nielsen JF, Arguissain FG, Brunner IC. Accuracy of the upper
limb prediction algorithm PREP2 applied 2 weeks poststroke: a prospec-
tive longitudinal study. Neurorehabil Neural Repair. 2021;35(1):68-78.
Powell ES, Westgate PM, Goldstein LB, Sawaki L. Absence of motor-
evoked potentials does not predict poor recovery in patients with
severe-moderate stroke: an exploratory analysis. Arch Rehabil Res Clin
Transl. 2019;1(3-4): 100023.

Senesh MR, Reinkensmeyer DJ. Breaking proportional recovery after
stroke. Neurorehabil Neural Repair. 2019;33(11):888-901.

Lemon RN, Landau W, Tutssel D, Lawrence DG. Lawrence and Kuypers
(1968a, b) revisited: copies of the original filmed material from their clas-
sic papers in brain. Brain. 2012;135(Pt 7):2290-5.



Brunner et al. Journal of NeuroEngineering and Rehabilitation (2024) 21:10

46.

47.

48.

49.

50.

51

52.

53.

Choudhury S, Shobhana A, Singh R, Sen D, Anand SS, Shubham S, Baker
MR, Kumar H, Baker SN. The relationship between enhanced reticulospi-
nal outflow and upper limb function in chronic stroke patients. Neurore-
habil Neural Repair. 2019;33(5):375-83.

Fisher KM, Zaaimi B, Edgley SA, Baker SN. Extensive cortical convergence
to primate reticulospinal pathways. J Neurosci. 2021;41(5):1005-18.
Hammerbeck U, Tyson SF, Samraj P, Hollands K, Krakauer JW, Rothwell
J.The strength of the corticospinal tract not the reticulospinal tract
determines upper-limb impairment level and capacity for skill-acqui-
sition in the sub-acute post-stroke period. Neurorehabil Neural Repair.
2021;35(9):812-22.

Hoonhorst MH, Nijland RH, van den Berg JS, Emmelot CH, Kollen BJ,
Kwakkel G. How do Fugl-Meyer arm motor scores relate to dexterity
according to the action research arm test at 6 months poststroke? Arch
Phys Med Rehabil. 2015;96(10):1845-9.

Winters C, Kwakkel G, van Wegen EEH, Nijland RHM, Veerbeek JM,
Meskers CGM. Moving stroke rehabilitation forward: the need to change
research. NeuroRehabilitation. 2018;43(1):19-30.

Ramos-Murguialday A, Broetz D, Rea M, Laer L, Yilmaz O, Brasil FL,
Liberati G, Curado MR, Garcia-Cossio E, Vyziotis A, Cho W, Agostini M,
Soares E, Soekadar S, Caria A, Cohen LG, Birbaumer N. Brain-machine
interface in chronic stroke rehabilitation: a controlled study. Ann Neurol.
2013;74(1):100-8.

KimT, Kim S, Lee B. Effects of action observational training plus brain—
computer interface-based functional electrical stimulation on paretic
arm motor recovery in patient with stroke: a randomized controlled trial.
Occup Ther Int. 2016;23(1):39-47.

KaiserV, Daly |, Pichiorri F, Mattia D, Mller-Putz GR, Neuper C. Relation-
ship between electrical brain responses to motor imagery and motor
impairment in stroke. Stroke. 2012;43(10):2735-40.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12



	Brain computer interface training with motor imagery and functional electrical stimulation for patients with severe upper limb paresis after stroke: a randomized controlled pilot trial
	Abstract 
	Background 
	Objectives 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Design and setting
	Eligibility criteria
	BCI system
	The BCI intervention
	Control treatment
	TMS examination
	EEG data processing and analysis
	Outcome measures
	Data analysis

	Results
	Results of EEG data analysis

	Discussion
	Limitations

	Conclusions
	Acknowledgements
	References


