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Upper limb dysfunction is highly prevalent among patients in the chronic stage of stroke. Brain-computer
interface (BCI) technology, which creates a direct link between the brain’s electrical signals and external
devices, stroke patients with motor disabilities are able to perform BCl tasks for clinical rehabilitation.
However, traditional BCl applications are often limited in their capacity to monitor the brain function of
patients. In this study, functional near-infrared spectroscopy (fNIRS) was employed to observe changes

in brain cortex activation patterns before and after BCl use in ischemic stroke patients with upper limb
dysfunction. Thirty-four ischemic stroke patients with upper limb dysfunction meeting the inclusion criteria
were selected and randomly assigned to either a treatment group or a control group using arandom
number table, with 17 patients in each group. During the study, 4 participants dropped out, leaving

30 patients for the final statistical analysis, 15 in each group. Both groups received routine upper limb
rehabilitation training. Additionally, the treatment group underwent daily BCl training for 30 min, 5 days
aweek, for 4 consecutive weeks. Upper limb function was evaluated using the Fugl-Meyer assessment for
upper extremity (FM), and daily living activities were assessed with the modified barthel index (MBI). The
six regions of interest (ROIs) in the cortex for fNIRS measurement were the ipsilesional and contralesional
primary motor cortex (PMC), supplementary motor area (SMA), and somatosensory motor cortex (SMC).
The three time points of measurement were baseline (prior to any treatment), 2 weeks of treatment, and
4 weeks of treatment. fNIRS was used to detect the oxygenated hemoglobin values (HbO) in six ROls

at each time point. After treatment, both groups exhibited improvements in FM and MBI scores. The
treatment group demonstrated significantly greater functional gains than the control group at both 2 and
4 weeks, as reflected in FM (T1T0: 5.867 +3.482 vs. 3.200+2.077, P<0.01, d=0.93; T2T0: 13.533+5.705 vs.
7.133+2.503, P<0.05, d=1.45) and MBI scores (T1T0: 13.400+7.129 vs. 8.133+4.357, P<0.05, d=0.89;
T2T0: 27.867 +10.106 vs. 16.467 +7.010, P<0.05, d=1.31). fNIRS data revealed that after 4 weeks,

the treatment group showed significantly increased oxygenated hemoglobin levels in PMC and SMA
compared to baseline (PMC: P<0.001, d=0.62; SMA: P<0.001, d=0.89), along with a more pronounced
PMC activation and higher brain network efficiency relative to the control group (PMC: 0.019+0.017 vs.
0.007 +0.005, P<0.01, d=1.01; network efficiency: P<0.05). Moreover, improvements in brain network
efficiency were positively correlated with gains in both FM and MBI scores across the cohort. Our study
suggests that BCl treatment combined with conventional medical and rehabilitation therapy can effectively
enhance motor function and activities of daily living in stroke patients with upper-limb dysfunction.
Additionally, it can promote cortical activation in the ipsilesional PMC and SMA regions and improve the
network efficiency between brain regions.
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Abbreviations

BCI Brain-computer interface

fNIRS  Functional near-infrared spectroscopy
MBI Barthel index

HbO Oxygenated hemoglobin

ROIs Regions of interest

HbR Deoxygenated hemoglobin

HbT Total hemoglobin

PMC Primary motor cortex
SMA Supplementary motor
SMC Somatosensory motor cortex
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According to reports?, stroke was the second leading cause of death globally in 2019, which will increase the
economic burden in various countries, especially in low-income countries; ischemic stroke accounts for a high
proportion of this?. Statistics show that Approximately 15 million people worldwide are affected by ischemic
stroke each year, of which nearly one-third ultimately lose their lives, and in some countries, ischemic stroke
has become one of the main causes of disability and death’. Cerebrovascular disease is mainly caused by an
inadequate blood supply to the brain, usually due to blockage or narrowing of the cerebral arteries. Once the
local blood supply is insufficient, brain cells begin to die rapidly, causing severe neurological damage. The risk
factors for ischemic stroke include hypertension, hyperlipidemia, diabetes, smoking, unhealthy diet, lack of
exercise, and heart disease, all of which are common worldwide*.

Paralysis of limbs is a common sequelae faced by stroke patients, especially the impairment of upper limb
motor function is more common?®. In recent years, an increasing number of studies® have focused on the recovery
of upper limb function after stroke, aiming to provide more effective rehabilitation methods. For example, Wang
A, et al.” demonstrated that 12 weeks of upper limb robotic rehabilitation significantly improved the range of
motion in stroke patients’ affected limbs. This therapy utilizes robotic arms or exoskeletons to deliver passive,
active, or resistance training, thereby promoting neural remodeling and muscular recovery. These methods,
including upper limb robots and electrobiological feedback therapy, simulate normal movement trajectories,
stimulate the brains neural network, and provide real-time feedback to promote muscle recovery and the
improvement of motor function, not only enhance the upper limb motor ability of patients but also improve
their quality of life and social self-care ability. Over the past decade, with the advancements in neuroscience and
computer technology, Brain-computer interface (BCI) technology has made remarkable progress and opened
up new avenues for post-stroke neurorehabilitation®. BCI technology establishes a direct link between the
brain’s electrical signals and external feedback devices. This allows patients to manipulate the devices through
voluntarily generated brain commands, a mechanism that has been recognized as a promising approach for
neurorehabilitation®. A number of studies indicate that BCI technology shows promising effects for treating
post-stroke upper limb dysfunction. Shou YZ et al.'® demonstrated that the subacute phase is likely the optimal
and critical period for implementing BCI-based rehabilitation therapy. Furthermore, for patients with relatively
mild conditions, BCI intervention can lead to greater improvement in upper limb function!!. Hu YQ et al.!2
demonstrated that motor imagery training engages patients in active movement imagination, enhancing the
reconstruction of brain motor-related neural networks. When integrated with BCI technology, this process
converts brain signals into executable commands and, combined with multimodal feedback, forms a closed-
loop system that effectively improves motor function. Liu L et al.!* carried out in-depth monitoring research
with the help of functional near-infrared spectroscopy technology and finally found that BCI-robot training can
cause substantial changes in the cortical activation pattern of patients, when performing upper limb movement
tasks, the activation intensity and range of the areas in the brain closely related to movement are significantly
enhanced, and the functional connection between the cerebral hemispheres is also significantly enhanced. This
research provides evidence that BCI-robot training can effectively stimulate neuroplasticity, contributing to
the reorganization of the motor control network and subsequent improvements in upper limb function. These
findings support the technology’s potential as a valuable tool in future stroke rehabilitation strategies.

This study focuses on the upper limb motor dysfunction after ischemic stroke. It innovatively combines
BCI treatment with conventional rehabilitation therapy, leveraging the advantages of both to construct a more
effective treatment model. During the research, the non-invasive functional near-infrared spectroscopy (fNIRS)
technology is utilized to comprehensively monitor the activation changes of the brain motor cortex during the
movement of the affected upper limb, including the data comparison before and after BCI treatment. The study
objectives encompass two primary aspects. Firstly, it aims to evaluate the comprehensive effectiveness of the
combination of BCI technology and traditional rehabilitation therapy on the recovery of upper limb motor
function in stroke patients. Although there is already a research foundation for this combined therapy, there
are still knowledge gaps in the optimal parameters of BCI training, such as intensity, frequency, and duration,
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as well as the interaction between these factors and individual characteristics of patients, such as disease course
and severity. Moreover, this improvement will be accompanied by significant changes in the cortical activation
pattern detected by fNIRS, specifically manifested as an increase in the activation intensity and range of the brain
areas related to movement, as well as enhanced functional connectivity between the two cerebral hemispheres.

Materials and methods

General information

Inclusion criteria

@ First onset, meeting the diagnostic and treatment criteria for ischemic stroke in the “China Acute Ischemic
Stroke Diagnosis and Treatment Guidelines 2018“'*, and confirmed without misdiagnosis by cranial CT or MRI;
® Within one month of onset, stable vital signs, clear consciousness, ability to cooperate with examination; @
involvement of one hemisphere of the brain, Brunnstrom stage II - IV for upper limb and hand hemiplegia; ®
ability to sustain a sitting position for > 20 min; ® willingness to cooperate with treatment, signed informed
consent by themselves or their families.

Exclusion criteria

@ history of epilepsy or currently taking antiepileptic drugs; @ impaired important organ functions such as the
heart, lung, liver, and kidney; ® Unable to understand or comprehend testing instructions due to severe cognitive
and communication disorders, inability to complete test tasks and movements; @ wearing a pacemaker, having
intracranial or other internal metal implants, or having cranial bone defects; ® deterioration of the patient’s
condition, appearance of new infarctions, or other brain diseases.

Treatment methods

Basic treatment

Both the groups received basic pharmacological treatment in the neurology department and underwent routine
rehabilitation. In addition to these treatments, the treatment group also received upper-limb brain-machine
interface therapy. Basic pharmacological treatment in the neurology department involved taking medications
that improved circulation, nerve and platelet aggregation, controled blood pressure and blood sugar, and
stabilized plaques. Routine rehabilitation included training for proper limb positioning in bed, position
conversion, muscle strength and joint mobility training for the upper limb, standing and walking training, and
neuromuscular electrical stimulation therapy. All the treatments were performed once daily for 40 min, five days
a week, for four weeks.

Brain-machine interface therapy

In this study, during the BCI treatment, the Rehabilitation-III-Plus (RHB-III-Plus) upper-limb BCI therapy
instrument of Shenzhen Ruihan Medical Technology Co., Ltd. was adopted. This instrument was mainly
composed of a brain-electrical signal amplifier, an electroencephalogram (EEG) cap, an exoskeleton robotic
hand, a working display screen of the brain-computer interface training system, and a computer for data
acquisition and control.

During the treatment, the patient took a sitting position on the affected side and relaxes fully. The therapist
informed the patient of the training skills and precautions in advance. The EEG cap and headphones were worn
for the patient, and the electroencephalogram in a quiet state for 1 min was collected as the basic data. Then,
the affected forearm, wrist joint, and hand was fixed on the exoskeleton mechanical device. After selecting the
upper-limb training, the screen showed the flexion and extension movements of the wrist and fingers, and the
headphones gave synchronous prompts. Through visual and verbal guidance, the patients were guided to carry
out the imaginary activities of the affected upper limb, so as to increase the probability of generating a correct
image. The system would automatically collect and analyze the brain-electrical signals of the patient during
motor imagination. Once the correct image was detected, the exoskeleton mechanical device would drive the
affected upper limb of the patient to complete the same action, and the corresponding limb movement would be
displayed in real-time on the screen, forming a closed-loop of motor imagination, analysis, and feedback. This
brain-computer interface treatment plan was carried out once a day, 30 min each time, 5 days a week, and lasted
for 4 weeks. It was expected that through systematic training, patients could make better use of motor imagery
to promote the recovery of nerve and limb motor functions.

Evaluation method

Both groups of patients were evaluated for rehabilitation before treatment at two weeks and four weeks of
treatment. Upper limb function was assessed using the Fugl-Meyer Assessment for Upper Extremity (FM) Score,
and activities of daily living (ADL) ability was assessed using the Modified Barthel Index (MBI). Additionally,
fNIRS was used to measure the concentration of oxygenated hemoglobin (HbO) in regions of interest (ROIs) in
the cerebral cortex of each patient (Fig. 1).

Evaluation scales
FM score includes assessments of tendon reflexes, shoulder, elbow, wrist joint flexor, extensor synergy and
dissociation movement, wrist joint stability, coordination, and speed of small joint movements (such as grasping,
pinching with fingers, and finger opposition). The maximum score was 66, with higher scores indicating better
upper limb function'.

MBI score assesses 10 items, including eating, bathing, dressing, grooming, toileting, chair-bed transfer,
walking, stair climbing, and bladder and bowel control. The maximum score was 100, with scores above a certain
threshold indicating basic self-care abilities, scores between 40 and 60 indicating moderate dependence in daily
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Fig. 1. The location of fNIRS cap channels and a patient undergoes brain-computer interface therapy.
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Fig. 2. The specific process of fNIRS test for the patient.

life, scores between 20 and 40 indicating severe dependence in daily life, and scores below 20 indicating complete
dependence in daily life!®.

fNIRS assessment

The HO1B near-infrared brain function imager from China Bairuixin Intelligent Technology Co., Ltd. was
used to collect 216 s near-infrared data from two patient groups. The process details are in (Fig. 2). Prior to
testing, the therapist should ensure the environment remained quiet and undisturbed, instructed the patients
to achieve complete physical and mental relaxation, and provided a thorough briefing on the testing procedures
and necessary precautions. The test started after a 5 min break. Had patients sit steadily and comfortably. The
therapist positioned the HO1B imager on the patient’s head, adjusting it based on head anatomy to ensure good
sensor-scalp contact for accurate data collection. Patients placed both hands on knees, stayed relaxed, and
performed the upper-limb finger-nose test as directed. For the test, the subject flexed a shoulder, then the elbow,
supinates the forearm, touched the nose tip with the fingers, and slowly lowered the arm. Tested both arms
alternately. The subject should complete tasks to the best of their ability without using the trunk or other limbs for
assistance. During data collected, patients must close eyes, stay calm, and avoid sudden head movements, facial
expressions, or fidgeting. If uncomfortable, gently signaled the therapist without making large movements. Did
not touch the imager during testing to avoid data interference. Ensure it was properly connected and powered
on before starting. Stoped the test and notified the therapist immediately if there were abnormal lights or sounds.
(Precautions: Patients should avoid caffeine, alcohol, or other stimulants 4 h before the test. If there were metal
implants in the head or neck, inform the therapist in advance).

Testing instrument

The HO1B type near-infrared functional imaging instrument consists of a 4+ 2 x 6 array with eight light sources,
eight detectors, and a 23-channel near-infrared imaging detection system (Fig. 1). The near-infrared light
sources used had wavelengths of 785 and 830 nm, with a distance of 3 cm between the adjacent light sources and
detectors. The coverage area was 72cm?, acquisition time resolution was 0.1s. Regarding the detection depth, the
penetration depth is affected by the thickness of an individual’s scalp and skull. As a result, there are variations
in the penetration depth among different participants. It is not consistently 0.5 cm below the cortex; instead, it
can be either greater or less than this value. This system uses near-infrared light imaging to detect and calculate
three physiological indicators in the venous blood of the cerebral cortex: oxygenated hemoglobin (HbO),
deoxygenated hemoglobin (HbR), and total hemoglobin (HbT). The unit of measurement is molar per volume
(mmol/L). A simplified overview of the technical workflow for this research is illustrated (Fig. 3).

Installation of test fiber cap
The HO1B type near-infrared functional imaging instrument locates brain regions using a 10-20 system. In this
system, Cz (Cephalic Zero) is defined as the central reference point of the electrode positioning system, located
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at the intersection of the mid-sagittal line (from nasion to inion) and the coronal line (between the left and
right pre-auricular points). The distance between two adjacent probes on the fiber cap was 3 cm. The positions
of the regions of interest in the brain were determined outward from the point Cz., the center of detector D7
and light source L7 are Cz; the left primary motor cortex (PMC)! area consists of channels 1, 4, 8, and 9; the
supplementary motor (SMA)!® area consists of channels 2, 5, 6, and 10; the right PMC area consists of channels
3,7,11, and 12; the left somatosensory motor cortex (SMC)"? area consists of channels 13, 14, 15, 19, and 20; and
the right PMC area consists of channels 16, 17, 18, 22, and 23 (Fig. 1).

NIRS data processing

In this paper, the collected signals are firstly processed by morphological filtering to remove the interference of
baseline drift; then the blood oxygen signal is band-pass filtered based on the infinite impulse response filter
(Infinite Impulse Response, IIR), and the frequency bands are 0.01 ~ 0.02, 0.02 ~ 0.06, 0.06 ~ 0.18,0.18 ~ 0.7 and
0.7 ~ 2.0 Hz, respectively; Finally, in order to reduce the influence of individual differences, the blood oxygen
signal of the RO is calculated based on the entropy weight method?’, in which the left premotor area includes
channels 1, 4, 8 and 9, and the auxiliary motor area includes channel 2, 5, 6, and 10, the right premotor area
contains channels 3, 7, 11, and 12, the left sensorimotor area contains channels 13, 14, 15, 19, and 20, and the
right sensorimotor area contains channels 16, 17, 18, 22 and 23.

Statistic analysis

Statistical analyses were performed using SPSS (v27.0; IBM Corp). Data normality was assessed with the
Shapiro-Wilk test. Baseline characteristics were compared using independent samples t-tests, Mann-Whitney
U tests, or chi-square tests, as appropriate. For efficacy analysis, within-group (paired t-test) and between-
group (independent t-test) comparisons were conducted for two endpoints (FM, MBI) at two timepoints. A
Bonferroni correction was applied, setting significance at P<0.0125 (0.05/4) for these tests. The association
between functional improvement and brain network efficiency change was assessed with Pearson correlation.
Effect sizes were computed as Cohen’s d; P<0.05 was considered significant for all other analyses.

Results

Comparison of general information between two groups of patients

The patients were divided into treatment and control groups, with 17 cases in each group, but four cases were
lost during the study, including two cases in the treatment group (one patient refused to cooperate in the second
evaluation and one case lost contact in the later stage), two cases in the control group (two cases were not followed
up and evaluated in time), and the data of 30 patients were finally included in the statistical analysis. There were
no statistically significant differences between the treatment and control groups regarding sex distribution (10
males, 5 females vs. 12 males, 3 females), mean age (55.27 +9.93 years vs. 62.60 + 10.99 years), average disease
duration (12.40+4.26 days vs. 12.00 +3.36 days), and affected side (8 right, 7 left vs. 10 right, 5 left) (P> 0.05).

Comparison of Fugl-Meyer upper-limb function scores before and after treatment between
the two groups

Before treatment, there was no statistically significant difference in the Fugl-Meyer upper limb function scores
between the two patient groups (P>0.05). In the treatment group, patients showed a significant increase in Fugl-
Meyer upper-limb function scores after 2 weeks of treatment (*! P<0.001, Cohen’s d=1.68, representing a large
effect size according to Cohen’s criteria) and 4 weeks of treatment (°' P<0.001, d=2.37) compared to before
treatment. The Fugl-Meyer upper limb function scores were significantly higher after 4 weeks of treatment than
after 2 weeks in the treatment group (<'P < 0.001, d =2.33). In the control group, patients also showed a significant
increase in Fugl-Meyer upper-limb function scores after 2 weeks of treatment (** P<0.001, d = 1.54) and 4 weeks
of treatment (*® P<0.001, d =2.85) compared to before treatment. The Fugl-Meyer upper limb function scores

Admission of Patients
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Treatment Plans: 1.Basic drug therapy
1.Basic drug therapy 2. Regular rehabilitation therapy
G
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Fig. 3. Schematic diagram of the research methodology.
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Group n | TO T1 T2 T1TO T2TO0 T2T1
Treatment group | 15 | 35.867+13.887 | 41.733+£11.542%! | 49.400£11.544%'! | 5.867+3.482¢ | 13.533+5.705¢ | 7.667 +3.288¢
Control group 15 | 35.400+14.030 | 38.600+14.121%° | 42.533+13.574% | 3.200+£2.077 |7.133+2.503 |3.933+1.981

Table 1. Comparison of Fugl-Meyer upper-limb motor function scale scores at different time points before
and after treatment between two groups (scores, Z = s). T0, before treatment; T1, treatment for 2 weeks; T2,
treatment for 4 weeks; T1T0, improvement value after 2 weeks of treatment.T2T0, improvement value after

4 weeks of treatment. T2T1, improvement value after 4 weeks of treatment compared with 2 weeks. In intra-
group comparison, after 2 weeks of treatment compared with before treatment, **P<0.01, *'P<0.01; after

4 weeks of treatment, ®°P<0.01, 1P <0.01; after 4 weeks of treatment compared with 2 weeks of treatment,
0p<0.01, 'P<0.01 ; After 2 weeks of treatment, the improvement value of the treatment group was compared
with that of the control group, dp<0.01; after 4 weeks of treatment, the improvement value of the treatment
group was compared with the control group, °P<0.05; After 4 weeks of treatment compared with 2 weeks, the
improvement value of the treatment group was compared with the control group, {P<0.05.

Group n | TO T1 T2 T1TO T2TO T2T1
Treatment group | 15 | 44.200+17.243 | 57.600+ 15.842%1 | 72.607 +12.561%'¢! | 13.400+7.129% | 27.867 £10.106° | 14.467 +5.718"
Control group | 15 | 48.400+19.877 | 56.533£19.490°° | 64.867 +17.390"%° | 8.133£4.357 | 16.467+7.010 | 8.333+4.821

Table 2. Comparison of modified Barthel scale scores at different time points before and after
treatmentbetween two groups of patients (scores,  + s). T0, before treatment; T1, treatment for 2 weeks; T2,
treatment for 4 weeks. T1T0, improvement value after 2 weeks of treatment. T2T0, improvement value after 4
weeks of treatment. T2T1, improvement value after 4 weeks of treatment compared with 2 weeks. In intra-
group comparison, after 2 weeks of treatment compared with before treatment, A0p<0.01,#1P<0.01; after

4 weeks of treatment, ®°P<0.01, ¥1P<0.01; after 4 weeks of treatment compared with 2 weeks of treatment,
“0P<0.01, 'P<0.01; After 2 weeks of treatment, the improvement value of the treatment group was compared
with that of the control group, ¢P < 0.05; after 4 weeks of treatment, the improvement value of the treatment
group was compared with the control group, *P<0.05; After 4 weeks of treatment compared with 2 weeks, the
improvement value of the treatment group was compared with the control group, £ P<0.05.

were significantly higher after 4 weeks of treatment than after 2 weeks in the control group (< P<0.001, d=1.99).
In terms of inter-group comparison, the treatment group showed a significantly greater improvement value
than the control group after 2 weeks of treatment (4 P=0.017, P<0.01, d=0.93). After 4 weeks of treatment, the
treatment group demonstrated a significantly greater improvement than the control group, with a statistically
significant difference (° P=0.01, P<0.05, d=1.45). Additionally, the improvement in the treatment group was
still significantly higher than that in the control group after 4 weeks of treatment compared to 2 weeks, with a
statistically significant difference (f P=0.01, P<0.05, d=1.38) (Table 1).

Comparison of MBI scores before and after treatment between the two groups

Before treatment, the comparison between the two groups of patients showed no statistically significant
differences in MBI scores (P>0.05). Within each group, the MBI scores of patients in the treatment group
significantly increased after 2 weeks of treatment (*T P<0.001, d=1.88) and 4 weeks of treatment (°! P<0.001,
d=2.76). Compared to those before treatment. The scores also significantly increased after 4 weeks of treatment
compared to 2 weeks of treatment in the treatment group (°! P<0.001, d=2.53). Similarly, in the control group,
the MBI scores significantly increased after 2 weeks of treatment (** P<0.001, d = 1.87) and 4 weeks of treatment
(*® P<0.001, d=2.35) compared to before treatment. The scores also significantly increased after 4 weeks of
treatment compared to 2 weeks of treatment in the control group (€ P<0.001, d=1.73). In terms of inter-group
comparison, at 2 weeks of treatment, the improvement in the treatment group was significantly better than that
in the control group (¢ P=0.021, p<0.05, d=0.89). After 4 weeks of treatment, the improvement in the treatment
group was significantly better than that in the control group (¢ P=0.01, P<0.05, d=1.31). When comparing 4
weeks of treatment to 2 weeks of treatment, the improvement in the treatment group was still significantly better
than that in the control group (£ P=0.04, P<0.05, d=1.16) (Table 2).

Near infrared detection data

Intra-group comparisons showed that the oxygenated hemoglobin level in the PMC region of the affected side
before treatment in the treatment group was 0.011+0.009 and that in the PMC region of the affected side in
the treatment group was 0.019+0.017 after 4 weeks of treatment, and the difference between the two groups
was statistically significant (* P=0.001, P<0.01, d=0.62). The oxygenated hemoglobin level in the SMA of the
affected side before treatment was 0.007 +£0.005 in the treatment group. Oxygenated hemoglobin in the SMA of
the affected side was 0.015+0.012 in the treatment group after 4 weeks of treatment, and the difference between
the two groups was statistically significant (> P<0.001, d=0.89). No statistically significant differences were
observed in the other ROI areas. Compared with before treatment, oxygenated hemoglobin in PMC region
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Fig. 4. Visual diagram of the change in HbO concentration in the test of the two groups of patients. (A)
Patients with left hemisphere involvement in the treatment group. Before treatment, significant inhibition of
activation in the left PMC and SMA was observed, while activation in various areas of the right hemisphere
was evident. After treatment, activation in the left PMC and SMA was significantly enhanced. (B) Patients with
left hemisphere involvement in the control group. Before treatment, significant inhibition of activation in the
left PMC and SMA was observed. After treatment, there was also a certain degree of activation in the left PMC
and SMA. (a,b) Oxygenated hemoglobin concentration in different brain regions in the two groups. (C) The
color of the line represents the strength of the connection. (¢) Brain network parameter values of two groups.
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Time point | n

Unaffected PMC
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TO

15

0.017£0.021

0.011£0.009

0.015+0.014

0.012£0.012

0.015£0.015

0.007 £0.005

Treatment group | T1

15

0.006 £0.005

0.016+0.031

0.009 +£0.005

0.007 £0.004

0.007 £0.006

0.012+0.007

T2

15

0.015+0.016

0.019£0.017%¢

0.018+0.018

0.011+0.009

0.014+0.013

0.015+0.012°

TO

15

0.008 £0.006

0.008 £0.006

0.012+0.008

0.011£0.013

0.011£0.012

0.006 £0.004

Control group T1

15

0.013+0.010

0.009£0.009

0.014+0.016

0.012+0.012

0.008 +£0.007

0.014+0.010

T2

15

0.019+0.012

0.007 £0.005

0.010£0.007

0.012+0.016

0.009£0.005

0.015£0.010

Table 3. Comparison of HbO values in various ROI areas among two groups of patients before treatment,

at 2 weeks of treatment, and at 4 weeks of treatment (mmol*mm, Z = s). Intra-group comparison, treatment
group after 4 weeks of treatment compared with before treatment, 2P<0.01, >P<0.01; inter-group comparison,
treatment group after 4 weeks of treatment compared with the control group after 4 weeks of treatment,

‘P<0.01.

significantly increased after 4 weeks of treatment in both groups. After 4 weeks of treatment in the treatment
group, oxygenated hemoglobin in PMC region on the affected side (0.019+0.017) and after 4 weeks of treatment
in the control group (0.007 £0.005). There was a statistically significant difference between the two groups (°
P=0.004, P<0.01, d=1.01), and there was no significant difference in oxygenated hemoglobin in other ROI

regions between the two groups (Fig. 4A, B,a, b; Table 3).

Comparison of brain network parameters in two groups of patients

Further analysis of the data from near-infrared brain functional imaging technology showed that the within-
group comparison showed that the brain network efficiency of the treatment group increased significantly after
4 weeks of treatment compared with before treatment (P=0.004, P<0.01). The between-group comparison
revealed a significantly greater increase in brain network efficiency (a quantitative measure derived from
computational analysis of brain network parameters) in the treatment group after 4 weeks of intervention

compared to baseline, relative to the control group (P=0.014, P<0.05) (Fig. 4C, ¢).
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Fig. 5. Correlation between changes in network efficiency and functional improvement values at different
time points before and after treatment in the two groups. Correlation between the improvement of Fugl-Meyer
upper-limb function score and the improvement value of MBI score and the change in network efficiency.

Further correlation analysis showed that the improvement in MBI of the two groups of patients was positively

correlated with changes in brain network connectivity efficiency. In the control group, T1 compared to TO,
P=0.0394, T2 compared to T0O, P=0.0437, T2 compared to T1, P=0.0271. In the treatment group: T1 compared
to TO, P=0.0185. T2 compared to T0, P=0.0129. T2 compared to T1, P=0.0124. Similarly, the improvement in
FM was also positively correlated with changes in brain network connectivity efficiency.In the control group:
T1 compared to T0, P=0.0136. T2 compared to TO P=0.0180. T2 compared to T1 P=0.0206. In the treatment
group, T1 compared to T0, P=0.0136. T2 compared to T0, P=0.0024. T2 compared toT1, P=0.0196 (Fig. 5).

Discussion

This study demonstrated that the BCI-based intervention yielded substantial effects in improving upper
limb motor function in stroke patients, with the improvements being particularly pronounced after 4 weeks
of treatment (AFM: 13.533+5.705 vs. 7.133+2.503, P<0.05, d=1.45). Similarly, a significantly greater
improvement was observed in the treatment group for the Modified Barthel Index (AMBI: 27.867 £10.106 vs.
16.467 +7.010, P<0.05, d=1.31). These findings were not only statistically significant but also reflected large
effect sizes, indicating considerable clinical benefits of the intervention. Furthermore, functional near-infrared
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spectroscopy (fNIRS) data revealed that after 4 weeks, the treatment group exhibited significantly higher
activation in the ipsilesional primary motor cortex (PMC) compared to the control group (P <0.05), with a large
effect size (d=1.01). Additionally, within the treatment group, significant increases in activation from baseline to
4 weeks were observed in both the ipsilesional PMC and supplementary motor area (SMA) (P<0.05 and P<0.01,
respectively), accompanied by moderate (d=0.62) and large (d=0.89) effect sizes. These results suggest that 4
weeks of BCI therapy can lead to significant improvements in both motor function and activities of daily living
in patients with early-stage ischemic stroke, paralleled by a reduction in inhibition and enhanced activation in
key motor regions such as the affected PMC and SMA.

As highlighted by Dominick et al.?!, a fundamental distinction between brain-computer interface (BCI)
rehabilitation therapy and conventional rehabilitation for upper limb training lies in its ability to precisely detect
attempts at voluntary movement, by establishing a real-time link between robotic systems and the patient’s
brain signals associated with motor execution or imagery, the BCI system can effectively assist stroke patients in
completing intended actions. Research on BCI for improving upper-limb dysfunction after stroke has primarily
focused on elucidating its underlying mechanisms. These include the activation of motor-related brain regions,
reorganization of brain networks, induction of neuroplasticity, and regulation of neurotransmitters?>?. A study
by Remsik et al.?* provided empirical support, demonstrating that BCI technology promotes motor recovery,
likely through engaging neural circuits in areas such as the motor and pre-motor cortices. Building upon this
mechanistic understanding, the present study applied a BCI-based intervention to patients with ischemic stroke
to investigate its effect on upper-limb motor function.

The fNIRS technique, with its advantages of low cost, noninvasiveness, and continuous dynamic monitoring
of cerebral oxygenation changes, can be an effective means of assessing post-stroke brain function and motor
evaluation?. The use of fNIRS to detect cerebral oxygen saturation and cerebral hemodynamics has become
a popular topic in post-stroke brain function imaging®®?’. fNIRS and its parameters provide important tools
for understanding the network mechanisms of brain function, and can detect the recovery of motor function
during the rehabilitation process of stroke?®. The ROIs selected to evaluate brain regions related to motor
function were closely related to the preparation and execution of voluntary movements. The PMC and SMA
areas are clusters of neurons activated extensively during the motor preparation stage?, which mainly involves
cognition and judgment of the movement target and environment and the formulation of detailed plans for
completing the movement®’. The main functions of the PMC include participation in the formation of motor
intentions, development of movement plans, and organization of movement commands>!. The main functions
of SMA include organizing and integrating movement sequences, selecting movement plans, setting movement
parameters, and monitoring movements*>*. The SMC is a widely activated brain area during motor execution.
The main task was to transform the movement plan into detailed procedures for each movement unit and drive
muscle contractions to complete the movement using movement commands. The SMC area consists of the
precentral gyrus (M1 area) for the final output pathway of movement, which conveys the movement signal
and activates the movement units, and the postcentral gyrus (S1 area) for encoding and processing the sensory
information®.

Prior to treatment, both groups exhibited insignificant activation or inhibition in the ROI of the affected
hemisphere. This observation may be attributed to two key post-stroke recovery mechanisms: the “compensation
mechanism,” where neural circuit reorganization induces experience-dependent neuroplasticity to functionally
compensate for impairments®?, and the “release phenomenon,” characterized by the release of tonic inhibition
leading to pathological hyperactivation in distal, connected brain regions®. These findings align with established
hemisphere recovery mechanisms reported in prior studies®>®. Through brain-machine interface treatment,
the blood oxygen concentration in the PMC and SMA brain regions of the affected hemisphere significantly
increased, improving the previously inhibited condition and facilitating the recovery of upper limb function. In
addition, after four weeks of treatment, the activation of the affected hemisphere PMC area in the treatment group
was greater than that in the control group, and the improvement in upper-limb motor function in the treatment
group was superior to that in the control group, indicating a positive correlation between the enhancement of
activation in the affected hemisphere PMC area and the recovery of upper-limb motor function. In terms of
brain network parameters, the treatment group showed a greater increase in network efficiency, indicating better
connectivity efficiency between brain regions, higher information transmission, wider coverage of the brain
network, and greater activation of brain regions during tasks. These results demonstrate, from the perspectives
of cortical activation and network parameters, that BCI treatment can effectively enhance the activation of the
brain region of the affected hemisphere, improve brain network efficiency, enhance connectivity between brain
regions, thereby promoting the improvement of upper-limb motor function after stroke.

This study utilized fNIRS to explore the impact of BCI technology on patients with ischemic stroke before and
after treatment. The treatment effect is not only reflected in local brain areas but also involves the optimization
and regulation of the entire brain network function. Future research can further investigate the influence of BCI
on brain network connectivity and overall synergy, which will help us understand its mechanisms and improve
treatment effectiveness.

In addition, this study still has some limitations: the number of cases included in the study is small; the
differences in the activation of the cerebral cortex during upper-limb movement in patients with different stroke
lesions have not been further analyzed; and further research is needed to test the changes in limb function during
a longer recovery period after brain-machine interface treatment for patients. Simultaneously factors such as
physiological noise, motor imagery and visual perception influence fNIRS motor testing, these limitations
should be explored further in future studies.
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