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Abstract

Background: Noninvasive brain-computer interface (BCI)-based interventions show promise for poststroke motor recovery.
However, the intrinsic complexity of BCI-based interventions limits the determination of their comparative efficacy.

Objective: Guided by the International Classification of Functioning, Disability and Health framework, this review evaluated
the effectiveness of BCI-based interventions in poststroke upper limb rehabilitation and identify the optimal intervention.

Methods: We searched PubMed, Cochrane Library, EBSCOhost, Web of Science, Embase, Wiley Online Library,CNKI,
Wanfang, VIP, and SinoMed through July 2026. Randomized controlled trials (RCTs) assessing BCI-based interventions for
poststroke upper limb rehabilitation were included. Outcomes were body functions and structures (Fugl-Meyer Assessment
of Upper Extremity [FMA-UE]) and activities and participation (Action Research Arm Test [ARAT], Wolf Motor Function
Test [WMFT], and Modified Barthel Index [MBI]). Risk of bias was assessed using Cochrane RoB 2, and evidence quality
was graded using the Grading of Recommendations, Assessment, Development, and Evaluation framework. We used pairwise
meta-analyses to evaluate the overall effectiveness of BCI-based interventions vs controls and network meta-analysis to
compare the interventions.

Results: Seventy-two RCTs involving 2906 patients with stroke were included, evaluating 12 BCl-based interventions.
Pairwise meta-analyses demonstrated that, compared with control groups, BCI-based interventions improved FMA-UE (mean
difference [MD] 5.33, 95% CI 4.28 to 6.38; 95% prediction interval [PI] —1.76 to 12.43), ARAT (MD 5.26, 95% CI 3.90
to 6.62; 95% PI 041 to 10.11), WMFT (MD 7.25, 95% CI 5.06 to 9.44; 95% PI 0.71 to 13.79), and MBI (MD 8.18,
95% CI 6.04 to 10.32; 95% PI —-1.87 to 18.23). Network meta-analysis revealed that BCI-motor imagery-transcutaneous
electrical acupoint stimulation (BCI-MI-TEAS) achieved the highest surface under the cumulative ranking curve (SUCRA;
95.5%) in improving FMA-UE. For ARAT, BCI-MI-end-effector robots and transcranial direct current stimulation (tDCS;
86.3%) alongside BCI-MI-TEAS (86.3%) yielded the highest SUCRA. BCI-MI-exoskeleton robot showed the highest SUCRA
for WMFT (92.7%), whereas BCI-MI-TEAS (85.3%) and BCI-MI-exoskeleton robot (81.7%) ranked highest for MBI. The
evidence quality ranged from very low to high across these interventions.

Conclusions: This study represents the first network meta-analysis comparing the efficacy of different BCI-based interven-
tions. Unlike previous reviews, interventions were categorized by experimental paradigms, external feedback devices, and
adjunctive noninvasive brain stimulation, to enable clinically meaningful comparisons. Overall, BCI-based interventions
significantly improved poststroke upper limb rehabilitation. Among evaluated interventions, BCI-MI-TEAS demonstrated the
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most performance across body functions, structures, and activities and participation, whereas BCI-MI-end-effector robot +
tDCS showed advantages for fine motor dexterity and BCI-MI-exoskeleton robot improved activities of daily living.Given low
to moderate evidence certainty and substantial heterogeneity, these findings remain exploratory. High-quality trials are needed

to establish the clinical utility of these interventions.

Trial Registration: PROSPERO CRD420251155441; https://www.crd.york.ac.uk/PROSPERO/view/CRD420251155441

J Med Internet Res 2026,28:92940; doi: 10.2196/92940
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Introduction

Stroke has become one of the leading causes of death
worldwide. The global prevalence, incidence, and mortality
rates for stroke are 1099.3, 141.6, and 87.5 per 100,000
persons, respectively [1]. With advancements in treatment
modalities and medical resources, patients with stroke are
now experiencing longer survival times [2]. However,
mitigating long-term disability and enhancing quality of life
remain significant challenges in stroke management. Among
the many sequelae of stroke, upper limb hemiplegia is the
most prevalent, affecting nearly two-thirds of survivors [3].
This disability limits independence in activities of daily living
(ADL) and leads to secondary complications [4,5]. Restoring
upper limb motor function has thus become a primary goal in
stroke rehabilitation.

Numerous rehabilitation therapies have demonstrated
effectiveness in restoring upper limb function, ranging from
conventional motor therapies [6-8] to robot-assisted interven-
tions [9-11]. Conventional therapies require residual motor
function, limiting their applicability in patients with severe
paralysis. Robot-assisted interventions provide an alternative
by facilitating repetitive and intense movements; yet, these
passive exercises often constrain their efficacy in promot-
ing cortical neuroplasticity [12]. Motor recovery following
a stroke relies heavily on neuroplasticity, the brain’s ability to
reorganize and form new neural connections [13]. Therefore,
there is a critical need to explore therapeutic interventions
that can effectively facilitate both limb functional recovery
and neuroplasticity.

Brain-computer interface (BCI)-based interventions bridge
peripheral limb rehabilitation with central neuroplasticity by
decoding real-time neural activity into functional control
commands while simultaneously delivering sensory feed-
back, including motor, tactile, and visual inputs [14,15].
Through this bidirectional communication, BCI systems
can strengthen sensorimotor pathways, providing meaningful
rehabilitative benefits for patients with neurological disorders
and hemiparesis [16]. BCI-based interventions increasingly
integrate active stimulation modalities to synergistically target
damaged neural circuits and further enhance these rehabili-
tative outcomes [17]. While BCI technologies have rapidly
advanced across invasive, semi-invasive, and noninvasive
modalities, noninvasive systems are most widely adopted in
rehabilitation due to their safety, portability, and cost-effec-
tiveness [18]. Typical noninvasive BCI-based interventions
comprise 4 core components, including signal acquisition,
feature extraction and classification, command translation,

https://www jmir.org/2026/1/€92940

and external feedback devices [19,20]. Currently, such
interventions are widely applied to poststroke upper limb
rehabilitation, with accumulating evidence demonstrating
significant therapeutic benefits [21,22].

Despite the clinical promise of noninvasive BCl-based
interventions, existing reviews predominantly focus on
isolated motor impairment [21,23,24]. Upper limb function
serves as a cornerstone of physical capacity, and its recovery
is pivotal for enhancing individual activities and participa-
tion [25]. Rehabilitation research should extend beyond the
mere improvement in local motor impairments to priori-
tize the restoration of patients’ social reintegration. To
effectively bridge the gap between biological recovery and
functional independence, the International Classification of
Functioning, Disability and Health (ICF) framework provides
a robust classification system for rehabilitation assessment
[26]. By mapping clinical outcomes across body functions,
body structures, activities, and participation, this framework
facilitates the development of patient-centered and com-
prehensive evaluation systems. However, translating this
potential into consistent clinical efficacy remains elusive.
While meta-analyses have reported significant improvements
in upper limb motor function, these gains often fail to
achieve the minimal clinically important difference (MCID)
[21,24]. Furthermore, significant contradictions exist across
clinical trials, with some indicating that BCI-based inter-
ventions lack superiority over standard care [27-29]. This
complexity is rooted in the inherent diversity of BCI-based
interventions, which comprise a wide array of experimen-
tal paradigms, feedback devices, training intensities, and
multisensory integration strategies [21,24]. This technical
diversity drives significant heterogeneity in clinical out-
comes, thereby obscuring the consensus on optimal treatment
strategies. In this context, network meta-analysis provides
a powerful framework for comparing multiple interventions
simultaneously [30,31].

Therefore, this study establishes a comprehensive
evaluation guided by the ICF framework, pursuing three
specific aims: (1) to evaluate the efficacy of BCI-based
interventions compared with control groups for poststroke
upper limb rehabilitation across body functions, body
structures, activities, and participation; (2) to compare the
relative efficacy among distinct BCI-based interventions and
identify optimal interventions by analyzing various combi-
nations of BCI experimental paradigms, external feedback
devices, and adjunctive noninvasive brain stimulation; and (3)
to provide multidimensional, stratified guidance for clinical
practice and future research directions.
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Methods

Registration and Protocol

This systematic review protocol was registered with
PROSPERO (CRD420251155441). The initial protocol
encompassed upper limb, lower limb, and balance recovery as
primary outcomes. The subsequent literature search revealed
that the available data for lower limb and balance recovery
were insufficient to support a network meta-analysis. The
study protocol was amended in June 2026 to align with
the final implementation plan, ensuring optimal feasibility.
The implementation and reporting of this systematic review
strictly follow the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) 2020 statement
(Checklist 1) [32], and the PRISMA-S (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses literature
search extension) guideline (Checklist 2) [33] was adopted for
the reporting of the search strategy.

Eligibility Criteria
The search strategy followed the PICOS (population,
intervention, comparison, outcome, and study design)

principle of evidence-based medicine.

* Population (P): patients aged =18 years with a stroke
[34]; all participants exhibited limb motor impairment.

e Interventions (I): noninvasive BCI-based interven-
tions; each unique combination of BCI experimental
paradigm, external feedback device, and adjunctive
noninvasive brain stimulation was defined as a distinct
intervention. Details regarding these specific interven-
tions are provided in Table S1 in Multimedia Appendix
1.

* Comparisons (C): conventional rehabilitation therapies
(eg, physical therapy, occupational therapy, or usual
care), sham interventions, or BCI-based interventions

* Outcomes (O): the Fugl-Meyer Assessment of Upper
Extremity (FMA-UE) [35] was used to evaluate
body functions and structures; the Action Research
Arm Test (ARAT) [36], the Wolf Motor Function
Test (WMFT) [37], and the Modified Barthel Index
(MBI) [38] were used to evaluate body activities and
participation. Specifically, ARAT assesses grasping,
gripping, pinching, and gross motor functions; WMFT
evaluates upper limb motor function and movement
quality through single-joint, multijoint, and functional
activities; and MBI reflects an individual’s ability to
live independently in domestic and community settings.

 Study design (S): randomized controlled trial (RCT)

The search was conducted without language restrictions.
This study excluded studies that were single-arm studies,
conference abstracts, letters to the editor, or study protocols
that lacked adequate data for extraction. Studies were also
excluded if the outcomes of interest were not assessed or if
the required data were not reported.
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Information Sources and Search Strategy

A comprehensive search was performed across PubMed,
Cochrane Library, EBSCOhost, Web of Science, Embase,
Wiley Online Library, China National Knowledge Infra-
structure (CNKI), Wanfang Data, VIP Information Chi-
nese Periodical Service Platform, and Chinese Biomedical
Literature Database from their inception to July 17, 2026,
using the official web interface of each database. For
international databases, MeSH terms (eg, stroke, hemi-
plegia, and brain-computer interfaces) and Emtree terms
(eg, cerebrovascular accident, hemiplegia, and noninva-
sive brain-computer interface) were combined with free-
text keywords (eg, electroencephalography [EEG]-based,
P300-based, and motor imagery). For the Chinese databases,
the search strategy was optimized using discipline-specific
terms to align with its indexing framework. The search
strategy was developed de novo through team discussion
and finalized in consultation with a professional librarian.
Furthermore, backward and forward citation searching was
manually performed based on the reference lists and citing
articles of all eligible studies. The full search strategy is
provided in Multimedia Appendix 2.

Selection Process

Two reviewers (JX and SX) independently imported all
records into EndNote (version 21; Clarivate) and removed
duplicates. Titles and abstracts were then screened independ-
ently according to the eligibility criteria, followed by full-text
screening of the remaining studies. Any disagreements were
resolved through discussion, and a third reviewer (YG) was
consulted when necessary to reach a consensus.

Data Collection Process and Data Items

Data extraction was performed independently by 2 research-
ers (JX and SX), referencing the Cochrane Handbook
guidelines to record information. No automation tools were
used. Disagreements were resolved through discussion or
consultation with a third reviewer (YG). Five correspond-
ing authors of the included studies were contacted to
request clarification or additional information when data were
missing. The extracted data mainly included (1) general
information (title, first authors, publication year, and country
of publication); (2) demographic characteristics (sample size,
age, sex, and disease duration); (3) BCl-based interven-
tion details (BCI experimental paradigm, external auxiliary
device, adjunctive noninvasive brain stimulation, and type
of primary multisensory feedback); (4) training protocol
parameters (session duration, frequency, and total period);
(5) outcome data, specifically FMA-UE, ARAT, WMFT, and
MBI measured post intervention, for which means and SDs
were extracted.

Risk-of-Bias Assessment

The risk of bias of the included studies was assessed
independently by 2 reviewers (SX and WJ). Any discrepan-
cies between the reviewers were resolved through discussion
with a third reviewer (JX). The risk of bias of the included
studies was assessed using the revised Cochrane RoB 2 tool
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[39]. Five domains were considered during the assessment
process: bias arising from the randomization process, bias due
to deviations from intended interventions, bias due to missing
outcome data, bias in the measurement of the outcome, and
bias in the selection of the reported result.

Data Synthesis and Analysis

To comprehensively evaluate both the overall effectiveness
of BClI-based interventions and the comparative efficacy
of these specific interventions, analyses were performed
sequentially. First, a pairwise meta-analysis was performed
to synthesize available direct evidence, with the primary
analysis estimating the overall effectiveness of BCl-based
interventions vs control conditions and assessing between-
study heterogeneity. Subsequently, a frequentist network
meta-analysis was performed to synthesize both direct and
indirect evidence, allowing the simultaneous comparison of
individual intervention strategies and estimation of their
relative rankings. All statistical analyses were performed
using R software (version 4.5.1; R Foundation for Statistical
Computing).

Following Cochrane guidance, when multiple comparisons
from a multiarm trial were included in the same pairwise
meta-analysis, the sample size of the shared control group
was divided, while its mean and SD remained unchanged.
In the network meta-analysis, the original multiarm struc-
ture was retained, with correlations among comparisons
accounted for using an appropriate multiarm adjustment [40,
41]. Potentially overlapping reports were cross-checked, and
multiple reports from the same trial were treated as a single
study to prevent double counting.

Pairwise Meta-Analysis

Given the expected clinical and methodological heterogene-
ity across study populations, intervention characteristics, and
outcome measures, pooled mean differences (MDs) between
the intervention and control groups with 95% CIs were
calculated using a random-effects model with the Hartung-
Knapp adjustment to provide robust variance estimation
when the number of studies was limited and between-study
heterogeneity was substantial [42,43].

Between-study variance (t?) was estimated using the
restricted maximum likelihood method [44]. Statistical
heterogeneity was assessed using Cochran Q statistic, T2,
and I? statistic. Prediction intervals (PIs) were calculated
for the pairwise meta-analyses to estimate the expected
range of treatment effects in future settings and to ascer-
tain whether substantial heterogeneity warranted further
investigation [45-47]. To account for anticipated clinical
and methodological heterogeneity, prespecified subgroup
analyses were subsequently conducted to explore potential
sources of heterogeneity according to categorical variables,
including the type of primary multisensory feedback and
training protocol parameters. Meta-regression analyses were
additionally performed for continuous variables, including
mean participant age, proportion of male participants, and
publication year as a proxy for the development of BCI
technology.
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Network Meta-Analysis

Following the estimation of the overall intervention effects,
separate network meta-analyses were performed for each
outcome to compare and rank individual BCI-based inter-
ventions. Network meta-analysis was conducted within a
frequentist framework [48]. Network geometry was visual-
ized using network plots, in which nodes represented
competing interventions and control groups, while edges
represented direct pairwise comparisons. Node sizes were
proportional to the total sample sizes, and edge thicknesses
corresponded to the numbers of studies informing each
comparison. Results were synthesized based on all possi-
ble pairwise comparisons, incorporating direct, indirect, and
mixed evidence. The surface under the cumulative ranking
curve (SUCRA) was used to estimate and rank the hierarchy
of the interventions [49]. Comparative results were presented
using league tables.

Local inconsistency was evaluated using the node-split-
ting method [50]. Global inconsistency was assessed using
the design-by-treatment interaction model [51]. To evalu-
ate the transitivity assumption, clinical and methodological
characteristics were synthesized and compared across specific
interventions for each outcome to ensure clinical homoge-
neity. These characteristics included patient demographics
(eg, age and time since stroke onset), specific baseline
functional status (eg, FMA-UE, ARAT, WMFT, and MBI),
and intervention protocols (eg, type of primary multisensory
feedback, session duration, and training frequency).

Sensitivity Analysis

Sensitivity analyses were performed to test the robustness of
the findings. For the pairwise meta-analyses, leave-one-out
sensitivity analyses were conducted by sequentially excluding
one study at a time to evaluate the stability of the pooled
effect sizes. For the network meta-analysis, further sensitiv-
ity analyses were conducted by excluding studies judged to
have an overall high risk of bias according to the Cochrane
RoB 2 tool, with network effect sizes and SUCRA rankings
recalculated accordingly.

Reporting Biases and Small-Study
Effects

Potential small-study effects and publication bias were
evaluated for individual direct pairwise comparisons
comprising 10 or more studies. These assessments were
performed visually through the inspection of standard funnel
plot symmetry and statistically via Egger linear regression
test and Begg rank correlation test [52,53]. For the net-
work meta-analysis, comparison-adjusted funnel plots were
generated and visually inspected to qualitatively assess
potential network-level asymmetry across different treat-
ment comparisons, following the methodological framework
recommended by Cochrane [54]. Recognizing that funnel
plot asymmetry can stem from clinical or methodological
heterogeneity, small-study effects, and publication bias, the
trim-and-fill method was applied specifically to individual
pairwise meta-analyses where substantial asymmetry was
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observed, aiming to estimate potentially missing studies and
provide a more conservative adjusted effect estimate.

Certainty Assessment

Two researchers (JX and YG) independently appraised the
quality of evidence for each pairwise comparison regard-
ing outcomes such as FMA-UE, ARAT, WMFT, and MBI,
which were evaluated using the Grading of Recommenda-
tions, Assessment, Development, and Evaluation (GRADE)
framework. Discussion with a third researcher (SX) was
conducted to resolve disagreements. The certainty of evidence
was classified into 4 levels (high, moderate, low, or very low)
by evaluating 5 standard domains: risk of bias, inconsistency,
indirectness, imprecision, and publication bias [55].

Xu et al

Results

Study Selection

After searching the database and removing duplicate articles,
11,671 articles were potentially eligible. Full texts of 396
studies were retrieved for eligibility assessment. Ultimately, a
total of 72 RCTs were finally selected. The detailed selec-
tion and exclusion process is documented in the PRISMA
flowchart (Figure 1).

Figure 1. PRISMA flowchart of the study selection and literature screening process. BCI: brain-computer interface; CNKI: China National
Knowledge Infrastructure; RCT: randomized controlled trial; SinoMed: Chinese Biomedical Literature Database.
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Study Characteristics

The included studies were published between 2013 and 2025
and were conducted in China, Singapore, Germany, Mexico,
Russia, Korea, Thailand, Italy, Japan, Brazil, Switzerland,
Austria, and Denmark. A total of 72 RCTs involving 2906
participants were included. Sample sizes ranged from 9 to 296
participants, with most participants aged between 50 and 65
years and stroke duration ranging from 0.41 to 58 months.
All included studies used electroencephalography-based BCI
systems. The BCI paradigms comprised motor imagery (MI),
steady-state visual evoked potentials (SSVEP), and P300
event-related potentials (ERP). External devices included
end-effector robots, exoskeleton robots, soft robotic gloves,
functional electrical stimulation (FES), and transcutaneous

Xu et al

electrical acupoint stimulation (TEAS). Adjunctive noninva-
sive brain stimulation consisted of transcranial direct current
stimulation (tDCS) and repetitive transcranial magnetic
stimulation (rTMS). Among all evaluated interventions,
BCI-MI-FES was the most frequently investigated interven-
tion (25/72, 34.72%), followed by BCI-MI-exoskeleton robot
(18/72, 25%) and BCI-MI-end-effector robot (7/72, 9.72%).
The number of identified studies is listed in Table 1. Detailed
information about these intervention combinations is provided
in Table S2 in Multimedia Appendix 1. To evaluate the
transitivity assumption, baseline demographic, clinical, and
intervention characteristics were compared across interven-
tion categories. Some differences were observed among the
groups, as presented in Table S3 in Multimedia Appendix 1.

Table 1. Classifications of brain-computer interface (BCI)-based interventions and the number of identified studies (N=72).

Code Treatment Studies, n (%) Intervention (n) Comparator (n)

A BCI-ERP-FES? 1(1.39) 7 7

B BCI-MIP 6 (8.33) 95 89

C BCI-MI-end-effector robot 7(9.72) 89 95

D BCI-MI—end-effector robot + tDCST 34.17) 39 68

E BCI-MI-exoskeleton robot 18 (25) 371 311

F BCI-MI-exoskeleton robot + tDCS 1(1.39) 15 13

G BCI-MI-FES® 25(34.72) 641 633

H BCI-MI-FES+ rTMS$ 2(2.78) 39 41

I BCI-MI-soft robotic glove 4 (5.56) 65 79

J BCI-MI-TEASY 2(2.78) 67 67

K BCI-SSVEP-exoskeleton® robot 1(1.39) 18 18

L BCI-SSVEP—-soft robotic glove 2(2.78) 20 19
Overall 72 (100) 1466 1440

4ERP: P300 event—related potentials.

YMI: motor imagery.

CSSVEP: steady-state visual evoked potentials.
dTEAS: transcutaneous electrical acupoint stimulation.
°FES: functional electric stimulation.

fiDCS: transcranial direct current stimulation.

&rTMS: repetitive transcranial magnetic stimulation.

Risk of Bias in Included Studies

Among the 72 included RCTs, 8 (11.11%) were judged to
have a low overall risk of bias, 38 (52.78%) were judged to
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have some concerns, and 26 (36.11%) were classified to have
a high risk of bias. Overall and domain-specific assessments
are presented in Figure 2.
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Figure 2. Risk-of-bias assessment of included randomized controlled trials using the Cochrane RoB 2 tool. (A) Study-level judgments across the 5
RoB 2 domains (D1-D5) and (B) domain-level summary across all included studies [27,29,56-125]. "He et al, 2025a" refers to [71], and "He et al,
2025b" refers to [73]; “Liu et al, 2023a” refers to [107], and “Liu et al, 2023b” refers to [87]; Lu et al, 2025a” refers to [58] and “Lu et al, 2025b”
refers to [75]; and "Zhang et al, 2025a" refers to [119], and "Zhang et al, 2025b" refers to [93].
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Pairwise Meta-Analysis

The pairwise meta-analysis evaluated the overall effective-
ness of pooled BCl-based interventions compared with
the control group. Significant improvements were observed
across all 4 clinical outcomes. For FMA-UE, 69 of the
72 RCTs (95.83%), involving 2760 of 2906 participants
(94.98%), showed a pooled mean difference vs control
groups of 5.33 (95% CI 4.28 to 6.38; 95% PI —1.76 to
12.43; ’=89.12%; P<.001). For ARAT, 26 of the 72 RCTs
(36.11%), comprising 1191 of 2906 participants (40.98%),
showed a pooled mean difference vs control groups of 5.26
(95% CI 3.90 to 6.62; 95% PI 0.41 to 10.11; ’=40.60%;
P<.001). For WMFT, 16 of the 72 RCTs (22.22%), involving
1000 of 2906 participants (34.41%), showed a pooled mean
difference vs control groups of 7.25 (95% CI 5.06 to 9.44;
95% PI 0.71 to 13.79; ’=50.78%; P<.001). For MBI, 30 of
the 72 RCTs (41.67%), involving 1343 of 2906 participants
(46.22%), showed a pooled mean difference vs control groups
of 8.18 (95% CI 6.04 to 10.32; 95% PI -1.87 to 18.23;
I’=88.12%; P<.001). Detailed findings for the comparisons
between the BCI-based interventions and control groups are
presented in Figures S1 and S2 in Multimedia Appendix 1.
However, because this analysis estimated only the overall
effectiveness of pooled BCI-based interventions, a subsequent
network meta-analysis was conducted to compare the relative
efficacy and ranking of these specific interventions.

Xu et al

Network Meta-Analysis Results

Following the pairwise meta-analysis, a network meta-anal-
ysis was performed by integrating direct and indirect
evidence to compare the relative efficacy of different
BCl-based interventions, with treatment hierarchies and
rankings determined using SUCRA probabilities.

For FMA-UE, the 12 BClI-based interventions formed 14
direct comparisons and 2 closed loops (Figure 3). Com-
pared with non—-BClI-based interventions (Table 2), signifi-
cant improvements were observed for BCI-MI-TEAS (MD
12.87, 95% CI 8.20 to 17.54), BCI-MI-soft robotic glove
(MD 791, 95% CI 4.42 to 11.40), BCI-SSVEP—-soft robotic
glove (MD 5.71, 95% CI 0.11 to 11.32), BCI-MI-FES (MD
5.64, 95% CI 3.96 to 7.32), BCI-MI (MD 5.11, 95% CI
2.13 to 8.08), BCI-MI-exoskeleton robot (MD 5.03, 95% CI
2.89 to 7.18), and BCI-MI-end-effector robot (MD 3.79, 95%
CI 0.81 to 6.77) (Table 2). According to SUCRA probabili-
ties, the 3 highest-ranked interventions were BCI-MI-TEAS
(95.5%), BCI-MI-soft robotic glove (77.5%), and BCI-MI-
FES (58.3%). All BCI-based interventions achieved higher
SUCRA values than non-BCl-based interventions (5.9%);
the specific SUCRA values for all evaluated interventions
are detailed in Figure S4A in Multimedia Appendix 1, and
the corresponding cumulative ranking probability curves are
presented in Figure 4.

Figure 3. Network structure diagrams for randomized controlled trials of BCI-based interventions among poststroke patients, by outcome: (A)
Fugl-Meyer Assessment-Upper Extremity, (B) Action Research Arm Test, (C) Wolf Motor Function Test, and (D) Modified Barthel Index. BCI:
brain-computer interface; ERP: P300 event-related potentials; FES: functional electric stimulation; MI: motor imagery; rTMS: repetitive transcranial
magnetic stimulation; SSVEP: steady-state visual evoked potentials; tDCS: transcranial direct current stimulation; TEAS: transcutaneous electrical

acupoint stimulation.
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Figure 4. Surface under the cumulative ranking curve of outcome indicators: (A) Fugl-Meyer Assessment-Upper Extremity, (B) Action Research
Arm Test, (C) Wolf Motor Function Test, and (D) Modified Barthel Index. BCI: brain-computer interface; ERP: P300 event-related potentials;
Exo-RT: exoskeleton robot; FES: functional electric stimulation; MI: motor imagery; rTMS: repetitive transcranial magnetic stimulation; SSVEP:
steady-state visual evoked potentials; tDCS: transcranial direct current stimulation; TEAS: transcutaneous electrical acupoint stimulation.
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For ARAT, the 10 BCI-based interventions formed 12 direct
comparisons and 2 closed loops (Figure 3). Compared with
non-BClI-based interventions (Table 3), significant improve-
ments were observed in BCI-MI-TEAS (MD 10.28, 95%
CI 2.62 to 17.94), BCI-MI-end-effector robot + tDCS (MD
9.13, 95% CI 497 to 13.29), BCI-MI-end-effector robot
(MD 6.11, 95% CI 0.56 to 11.66), BCI-MI-FES (MD 5.66,
95% CI 3.07 to 8.25), and BCI-MI-soft robotic glove (MD
3.78,95% CI 0.38 to 7.17). According to SUCRA probabili-
ties, the 3 highest-ranked interventions were BCI-MI-TEAS
(86.3%), BCI-MI-end-effector robot + tDCS (86.2%), and
BCI-MI-end-effector robot (SUCRA 61.5%). All BCI-based
interventions achieved higher SUCRA values than non—
BClI-based interventions (12.3%); the specific SUCRA values
for all evaluated interventions are detailed in Figure S4B in
Multimedia Appendix 1, and the corresponding cumulative
ranking probability curves are presented in Figure 4.

For WMFT, the 4 BCI-based interventions formed 4 direct
comparisons without any closed loops (Figure 3). Com-
pared with non—-BClI-based interventions (Table 4), signifi-
cant improvements were observed in BCI-MI-exoskeleton
robot (MD 1143, 95% CI 7.15 to 15.71), BCI-MI-end-
effector robot (MD 9.50, 95% CI 4.79 to 14.21), and
BCI-MI-FES (MD 5.26, 95% CI 3.17 to 7.35). According

https://www jmir.org/2026/1/€92940
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to SUCRA probabilities, the 3 highest-ranked interventions
were BCI-MI-exoskeleton robot (SUCRA 92.7%), BCI-MI-
end-effector robot (78.4%), and BCI-MI-FES (44.3%). All
BClI-based interventions achieved higher SUCRA values than
non-BClI-based interventions (7.9%); the specific SUCRA
values for all evaluated interventions are detailed in Fig-
ure S4C in Multimedia Appendix 1, and the corresponding
cumulative ranking probability curves are presented in Figure
4.
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Table 4. League table for the Wolf Motor Function Test score showing mean differences and their 95% Cls among BCI-based” interventions.

BCI-MIP—end-effector

BCI-MI-exoskeleton

BCI-SSVEPY-—soft Non-BCl-based

Treatment robot robot BCI-MI-FES¢ robotic glove interventions
BCI-MI-end-effector robot —° — — _
BCI-MI-exoskeleton robot 1.93 (443 t0 8.29) — — — —
BCI-MI-FES —-4.24 (-9.39t0091) —6.17 (-10.93 to —1.41) — — —

BCI-SSVEP—-soft robotic glove
Non-BCl-based interventions

—7.25 (-18.59 to 4.09)
-9.50 (-14.21 to —4.79)

-9.18 (-20.35 to 1.99)

-11.43 (-15.71 to =7.15)

~301 (-13.53t07.51) - _
—5.26 (<7.35 t0 =3.17) ~2.25 (~12.56 to 8.06) —

4BCI: brain-computer interface.

dMI: motor imagery.

°FES: functional electric stimulation.

dSSVEP: steady-state visual evoked potentials.
®Not applicable.

For MBI, the 8 BClI-based interventions formed 10 direct
comparisons and 2 closed loops (Figure 3). Compared with
non—-BClI-based interventions (Table 5), significant improve-
ments were observed in BCI-MI-TEAS (MD 13.86, 95%
CI 5.05 to 22.67), BCI-MI—-exoskeleton robot (MD 12.44,
95% CI 6.42 to 18.46), BCI-MI (MD 9.40, 95% CI 3.80 to
14.99), BCI-MI-end-effector robot (MD 8.75, 95% CI 3.56
to 13.94), BCI-MI-soft robotic glove (MD 8.38, 95% CI
3.46 to 13.29), BCI-MI-end-effector robot + tDCS (MD 7.85,
95% CI 2.52 to 13.18), and BCI-MI-FES (MD 7.75, 95%
CI 4.79 to 10.70). According to SUCRA probabilities, the
3 highest-ranked interventions were BCI-MI-TEAS (85.3%),
BCI-MI-exoskeleton robot (81.7%), and BCI-MI (59.3%).

All BCI-based interventions achieved higher SUCRA values
than non-BCl-based interventions (3.5%); the specific
SUCRA values for all evaluated interventions are detailed in
Figure S4D in Multimedia Appendix 1, and the corresponding
cumulative ranking probability curves are presented in Figure
4.

Overall, the network meta-analyses demonstrated that
BCI-MI-TEAS consistently ranked among the most effective
interventions across FMA-UE, ARAT, and MBI, whereas
BCI-MI-exoskeleton robot showed the greatest efficacy for
WMEFT.

Table 5. League table for the Modified Barthel Index score showing mean differences and their 95% CIs among BCI?-based interventions.

BCI-MI- Non-BCI-
BCI-MIP-  end-effector BCI-MI- BCI-MI- BCI-MI- based
end-effector robot + exoskeleton BCI-MI- FES + soft robotic BCI-MI- intervention

Treatment BCI-MI robot tDCS® robot FEsd rTMS® glove TEAS S
BCI-MI —£ — — — — — — — —
BCI-MI-end-effector ~ -0.64 (-8.27 — — — — — — — —
robot t0 6.99)
BCI-MI-end-effector  —1.55(-9.27 -091 (-6.24 — — — — — — —
robot + tDCS t0 6.18) to 4.43)
BCI-MI-exoskeleton 304 (-5.17t0 3.69 (-426t0 459(-345t0 — — — — — —
robot 11.26) 11.63) 12.63)
BCI-MI-FES -165(-797 -101(-698 -0.10(-6.19 —4.69(-1139 — — — — —

to 4.68) to 4.97) t0 5.99) to 2.01)
BCI-MI-FES + rTMS  -540(-20.27 -4.75(-1948 -3.85(-18.62 -8.44(-2347 -375(-17.84 — — — —

t0 9.47) 10 9.97) to 10.92) t0 6.59) to 10.34)
BCL-MLsoftrobotic =~ —1.02 (=757 038 (=7.53  0.53(=6.72to —4.06(-11.83 063 (-5.11t0 438(-1025 — — —
glove t0 5.53) t0 6.77) 7.78) to 3.71) 6.36) to 19.00)
BCI-MI-TEAST 446 (-597t0 S5.11(-5.12t0 6.01(-4.28t0 142(-925t0 6.11(-3.18t0 9.86(-649to 548 (-4.60t0 — —

14.90) 15.33) 16.30) 12.09) 15.40) 26.21) 15.57)
Non-BCl-based 940 (-1499 -8.75(-13.94 -7.85(-13.18 ~-1244 —775(=1070 400 (-17.78 -838(-1329 -13.86 -
interventions to —3.80) to —3.56) to —2.52) (-18.46 to to —4.79) t09.78) to —3.46) (-22.67 to

—6.42) -5.05)

4BCI: brain-computer interface.

PMI: motor imagery.

“tDCS: transcranial direct current stimulation.

dFES: functional electric stimulation.

°rTMS: repetitive transcranial magnetic stimulation.
fTEAS: transcutaneous electrical acupoint stimulation.
&Not applicable.

Inconsistency Assessment

The validity of the network estimates was evaluated through
assessments of global and local inconsistency. Global

https://www jmir.org/2026/1/€92940

inconsistency was assessed using the design-by-treatment
interaction model. Significant global inconsistency was
identified in the FMA-UE network (P=.01), whereas no
evidence of global inconsistency was observed for the ARAT
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(P=.82) or MBI (P=.15) networks (Table 6). Global incon-
sistency could not be evaluated for WMFT because the
corresponding network contained no closed loops. Local
inconsistency was further assessed using the node-split-
ting approach. Significant disagreement between direct and
indirect evidence was identified in the FMA-UE network. In

Xu et al

contrast, no statistically significant local inconsistency was
detected for the ARAT or MBI networks. Node-splitting
analysis was not applicable to the WMFT network because no
closed loop was available. Detailed results of the inconsis-
tency analyses are presented in Table S5 in Multimedia
Appendix 1.

Table 6. The results of heterogeneity and inconsistency of brain-computer interface (BCI)-based interventions.

Heterogeneity Global
inconsistency
Results P (%) Q 2 P value (P value)
FMA-UE? 89.12 661.99 12.34 <001 01
ARATP 40.60 4713 509 01 82
WMFT¢ 50.78 3047 8.24 01 _d
MBI® 88.12 277.78 23.28 <.001 15

2FMA-UE: Fugl-Meyer Assessment-Upper Extremity.
YARAT: Action Research Arm Test.

‘WMFT: Wolf Motor Function Test.

dNot available.

®MBI: Modified Barthel Index.

Subgroup Analyses and Meta-Regression
Results

To investigate potential sources of heterogeneity identi-
fied in the pairwise meta-analysis, prespecified subgroup
analyses were performed (Figure S3 in Multimedia Appen-
dix 1). For FMA-UE, significant subgroup differences were
observed according to session duration (PP=91.72%; 1*=7.68;
P<001) and total period (I’=77.72%; t*=2.17; P=01).
Greater improvements were associated with interventions
delivered 4 to 5 days per week (MD 6.54, 95% CI
544 to 7.65; P<.001) and a total period of 2 to 3
weeks (MD 7.62, 95% CI 645 to 8.80; P<.001). For
MBI, training frequency (P=7473%; 1°=5.15; P=05),
total period (I’=70.92%; 1°=8.18; P=.03), and multisensory
feedback modalities (I*=94.66%; 1%>=16.58; P<.001) exhibited
substantial subgroup heterogeneity. Notably, a distinct trend
toward higher efficacy was clustered in the 60 to 90 minutes
per day subgroup (MD 11.82,95% CI 8.83 to 14.80; P<.001),
the 2 to 3 weeks subgroup (MD 12.25,95% CI 8.99 to 15.50;
P<.001), and the auditory feedback subgroup (MD 12.66,
95% CI 12.36 to 12.96; P<.001). No statistically significant
subgroup effects were identified for ARAT or WMFT.

Meta-regression analyses demonstrated that mean
participant age was significantly associated with treatment
effect for FMA-UE ($=.038, 95% CI 0.002 to 0.073; P=.04).
No significant associations were identified for the remain-
ing continuous variables. Detailed meta-regression results are
presented in Table S4 in Multimedia Appendix 1.

Reporting Biases and Small-Study
Effects

Potential small-study effects and publication bias for
individual direct pairwise comparisons were evaluated using
standard funnel plots (Figure S5 in Multimedia Appendix 1).
Visual inspection indicated that the effect sizes for ARAT
and WMFT were generally symmetrically distributed. In
contrast, the funnel plots for FMA-UE and MBI exhibited
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substantial asymmetry. Egger test confirmed a significant
small-study effect for FMA-UE (P=.006). In contrast, no
significant publication bias was detected for ARAT, WMFT,
and MBI using Egger test (all P>.05; Table S6 in Multimedia
Appendix 1). A trim-and-fill analysis was conducted to assess
the impact of potential publication bias on the FMA-UE
outcome. After adjusting for 32 potentially missing studies
via imputation, the pooled MD for FMA-UE remained robust
at 7.15 (95% CI1 6.08 to 8.22; P<.001).

For the network meta-analyses, comparison-adjusted
funnel plots were generated for each outcome (Figure S6 in
Multimedia Appendix 1) to qualitatively evaluate potential
small-study effects and publication bias across different
treatment comparisons. Visual inspection of the comparison-
adjusted funnel plots revealed general symmetry across the
network comparisons and no substantial asymmetry, which
was further supported by nonsignificant statistical tests (all
P>05; Table S7 in Multimedia Appendix 1), indicating a low
likelihood of publication bias or small-study effects.

Sensitivity Analysis

Leave-one-out sensitivity analyses (Figure S7 in Multimedia
Appendix 1) confirmed the robustness of pairwise meta-anal-
ysis results for FMA-UE, ARAT, WMFT, and MBI after
sequentially excluding individual trials.

After excluding studies categorized as high risk of bias
by the Cochrane RoB 2 tool, global and local inconsistency
tests were performed. The P values for global inconsistency
were .06 for FMA-UE, .82 for ARAT, and .15 for MBI,
while all local inconsistency tests yielded P>.05 (Table
S8 in Multimedia Appendix 1). Subsequently, intervention
hierarchies were estimated using SUCRA probabilities. For
FMA-UE, BCI-MI-TEAS demonstrated the highest SUCRA
probability (98.6%), followed by BCI-MI-soft robotic glove
(759%). Regarding ARAT, BCI-MI-TEAS ranked highest
(91.3%), closely followed by BCI-MI-end-effector robot
+ tDCS (90.5%). For WMFT, BCI-MI-exoskeleton robot
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exhibited the highest probability of being ranked first
(98.7%) compared to others. For MBI, BCI-MI-TEAS
(80.5%) and BCI-MI-exoskeleton robot (77.9%) were the
top-ranked interventions. However, the SUCRA probabili-
ties for BCI-MI remained relatively low across FMA-UE
(29.4%), ARAT (12%), and WMFT (29.9%), surpassing only
the non-BCl-based interventions. The comparative efficacy
between all competing interventions is presented in Table S9
in Multimedia Appendix 1, and the corresponding SUCRA
rankings are illustrated in Figure S8 in Multimedia Appendix
1.

Certainty of Evidence

Based on the GRADE framework, the certainty of evi-
dence for all comparisons ranged from very low to high.

Xu et al

Although interventions such as BCI-MI-TEAS, BCI-MI-
exoskeleton robot, and BCI-MI-end-effector robot may
potentially improve limb function in patients with stroke,
the low certainty of evidence precludes definitive compa-
rative conclusions. In contrast, the certainty of evidence
for BCI-MI-FES was rated as high across the FMA-UE,
ARAT, and WMFT outcomes. To enhance methodological
transparency, the detailed risk of bias across domains and the
corresponding evidence grades are presented in Tables 7-10.

Table 7. Grading of Recommendations, Assessment, Development, and Evaluation summary of the quality of the evidence for the Fugl-Meyer

Assessment-Upper Extremity.

Certainty assessment Number of participants  Effect
Risk of Inconsistency Indirectnes Other Interventio Comparato MD" (95%

Comparison bias? b s¢ Imprecisiond considerations®  nf (n) ré (n) CI) Certainty
BCI—ERP—FESi,j Vs Serious Not serious Not serious Very serious Undetected 9 9 881 (=8.11to HOOO
non—BCl-based® 25.73) Very low
interventions
BCI-MI! vs non-BCI- Not Serious Serious Not serious Undetected 115 108 5.11 (2.81 to S S00
based interventions serious 8.08)

Low
BCI-MI-end-effector Serious Serious Not serious Not serious Undetected 69 76 3.79 (0.81 to S BO00
robot vs non-BClI-based 6.77)
. . Low
interventions
BCI-MI-end-effector Not Very serious Serious Serious Undetected 14 29 323(-061to  HOOO
robot + tDCS vs non— serious 7.07) Very low
BCl-based interventions ¥
BCI-MI-end-effector Not Serious Not serious Serious Undetected 25 38 0.57(-299t0 &S00
robot + tDCS vs BCI- serious 4.12) Low
Ml—end-effector robot
BCI-MI-exoskeleton Serious Serious Not serious Not serious Undetected 331 270 5.03 (2.89 to S B00
robot vs non-BClI-based 7.18)
. . Low
interventions
BCI-MI-exoskeleton Not Not serious Not serious Serious Undetected 15 13 279(-300t0 DSDDO
robot + tDCS™ vs non—  serious 8.58) Moderate
BCl-based interventions
BCI-MI-FES vs non— Not Not serious Not serious Not serious Undetected 607 599 5.64 (3.96 to CDDD
BClI-based interventions — serious 7.32) .

High
BCI-MI-FES+ rTMS? Serious Serious Not serious Serious Undetected 39 41 348 (-445t0 HO00
vs non-BClI-based 11.41)
. . Very low
interventions
BCI-MI-soft robotic Not very serious Not serious Not serious Undetected 57 64 791 (442t0 SD00
glove vs non-BCl-based serious 11.40)
N . Low
interventions
BCI-MI-soft robotic Not Serious Not serious Serious Undetected 8 15 -2.80 (-7.01 SD00
glove vs BCI-MI serious to 1.40)

Low
BCI-MI-TEAS® vs non— Not Serious Not serious Serious Undetected 67 67 1287(820t0 D D00
BClI-based interventions — serious 17.54)

Low
BCI-SSVEP- Serious Not serious Not serious Very serious Undetected 18 18 6.00 (-4.76t0  ©O00
exoskeletonP robot vs 16.76) Very low
non-BClI-based y
interventions
BCI-SSVEP-soft Serious Not serious Not serious Not serious Undetected 20 19 5.71(0.11 to SDDO
robotic glove vs non— 11.32) Moderate

BClI-based interventions

8Risk of bias: downgraded by 1 level if the majority of evidence was derived from studies at high risk of bias.
YInconsistency: assessed using node-splitting and design-by-treatment interaction models. Evidence was downgraded by 1 level for significant
inconsistency (P<.05) or substantial heterogeneity (12250%) and by 2 levels for ?=80%.
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“Indirectness: downgraded by 1 level if included studies deviated from the predefined population, intervention, comparison, outcome, and study
design (PICOS) framework or violated the transitivity assumption.

dImprecision: downgraded for wide Cls, failure to meet the optimal information size, or estimates failing to meet the minimal clinically important
difference. Two levels of downgrading were applied only in cases of very serious imprecision.

€Other considerations: evidence was downgraded by 1 level for evidence of publication bias.

fIntervention: BCI-based combination therapies.

8Comparator: conventional rehabilitation or control.

"MD: mean difference

IERP: P300 event—related potentials

JFES: functional electric stimulation

XBCI: brain-computer interface

IMI: motor imagery

™DCS: transcranial direct current stimulation

'TMS: repetitive transcranial magnetic stimulation

OTEAS: transcutaneous electrical acupoint stimulation

PSSVEP: steady-state visual evoked potentials

Table 8. Grading of Recommendations, Assessment, Development, and Evaluation summary of the quality of the evidence for the Action Research
Arm Test.

Certainty assessment Number of participants  Effect
Other
Risk of Inconsistency Indirectness Imprecision consideration Interventio Comparato MDM (95%

Comparison bias? b ¢ d s© nf (n) ¢ (n) (@) Certainty
BCI-ERP-FESUK vs non—  Serious Not serious Not serious Very serious Undetected 9 9 740 (-1088t0  ©0O00O
BClI-based interventions 25.68)

Very low
BCI-MI! vs non-BCI- Not Not serious Serious Serious Undetected 17 15 -058(-6.35t0 DS0O0
based interventions serious 5.20)

Low
BCI-MI-end-effector Serious Not serious Not serious Not serious Undetected 11 11 6.11 (0.56 to SBDO
robot vs non-BClI-based 11.66)
. . Moderate
interventions
BCI-MI-end-effector Serious Not serious Serious Not serious Undetected 14 29 9.13 (497 to S S00
robot + tDCS™ vs non— 13.29) Low
BClI-based interventions
BCI-MI-end-effector Not Not serious Serious Serious Undetected 15 29 -3.02(-721to &S00
robot + tDCS vs BCI-MI-  serious 1.17)

Low
end-effector robot
BCI-MI-exoskeleton Serious Not serious Serious Not serious Undetected 190 136 5.17 (1.77 to DDB00
robot vs non-BClI-based 8.57)
. . Low
interventions
BCI-MI-exoskeleton Not Not serious Not serious Serious Undetected 15 13 373 (-443 to S2ASKS>T 0]
robot + tDCS vs non— serious 11.89) Moderate
BClI-based interventions
BCI-MI-FES vs non-BCI- Not Not serious Not serious Not serious Undetected 267 263 5.66 (3.07 to SDDD
based interventions serious 8.25) .

High
BCI-MI-FES+ rTMS™ vs  Serious Not serious Not serious Serious Undetected 19 21 1.67 (4.63 to G S00
non-BCl-based 797)
. . Low
interventions
BCI-MI-soft robotic Not Very serious Not serious Not serious Undetected 32 39 3.78 (0.38 to S D00
glove vs non-BCI-based serious 7.17)
; . Low
interventions
BCI-MI-soft robotic Not Serious Not serious Serious Undetected 8 15 -2.11(9.27 to S D00
glove vs BCI-MI serious -5.05)

Low
BCI-MI-TEAS® vs non—  Not Not serious Not serious Serious Undetected 7 7 10.28 (2.62 to SEDO
BCl-based interventions  serious 17.94) Moderate

4Risk of bias: downgraded by 1 level if the majority of evidence was derived from studies at high risk of bias.

bInconsistency: assessed using node-splitting and design-by-treatment interaction models. Evidence was downgraded by 1 level for significant
inconsistency (P<.05) or substantial heterogeneity (I2=50%) and by 2 levels for 12280%.

“Indirectness: downgraded by 1 level if included studies deviated from the predefined population, intervention, comparison, outcome, and study
design (PICOS) framework or violated the transitivity assumption.

dImprecision: downgraded for wide Cls, failure to meet the optimal information size, or estimates failing to meet the minimal clinically important
difference. Two levels of downgrading were applied only in cases of very serious imprecision.

®Other considerations: evidence was downgraded by 1 level for evidence of publication bias.

fntervention: BCI-based combination therapies.

gComparator: conventional rehabilitation or control.

"MD: mean difference.
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'BCT: brain-computer interface.

JERP: P300 event-related potentials.

XEES: functional electric stimulation.

IMI: motor imagery.

M¢DCS: transcranial direct current stimulation.

"'TMS: repetitive transcranial magnetic stimulation.
OTEAS: transcutaneous electrical acupoint stimulation.

Table 9. Grading of Recommendations, Assessment, Development, and Evaluation summary of the quality of the evidence for the Wolf Motor
Function Test.

Certainty assessment Number of participants Effect
Other
Risk of Inconsistency Indirectness Imprecision consideration Interventio Comparat MD! (95%
Comparison bias? b ¢ d s¢ nf (n) org (n) CI) Certainty
BCIi—MIj—end—effector, Serious Not serious Not serious Not serious Undetected 30 30 9.50 (4.79 to SDDO
robot vs non—-BCl-based 14.21)
' r Moderate
interventions
BCI-MI-exoskeleton robot ~ Serious Not serious Not serious Not serious Undetected 116 117 1143 (7.15to DDDO
vs non-BCl-based 15.71) Moderate
interventions
BCI-MI-FESK vs non-BCI- Not Not serious Not serious Not serious Undetected 346 341 5.26 (3.17 to SODD
based interventions serious 7.35) .
High
BCL-SSVEFlsoft robotic ~ Serious Not serious Not serious Very serious Undetected 10 10 2.25 (-8.06 to ®©000
glove vs non-BCI-based 12,56) Very low
interventions

4Risk of bias: downgraded by 1 level if the majority of evidence was derived from studies at high risk of bias.

PInconsistency: assessed using node-splitting and design-by-treatment interaction models. Evidence was downgraded by 1 level for significant
inconsistency (P<.05) or substantial heterogeneity (/2250%) and by 2 levels for /2280%.

CIndirectness: downgraded by one level if included studies deviated from the predefined population, intervention, comparison, outcome, and study
design (PICOS) framework or violated the transitivity assumption.

YImprecision: downgraded for wide Cls, failure to meet the optimal information size, or estimates failing to meet the minimal clinically important
difference. Two levels of downgrading were applied only in cases of very serious imprecision.

€Other considerations: evidence was downgraded by 1 level for evidence of publication bias.

fIntervention: BCI-based combination therapies.

gComparator: conventional rehabilitation or control.

hMD: mean difference.

IBCI: brain-computer interface.

IMI: motor imagery.

XFES: functional electric stimulation.

ISSVEP: steady-state visual evoked potentials.

Table 10. Grading of Recommendations, Assessment, Development, and Evaluation summary of the quality of the evidence for the Modified Barthel
Index.

Certainty assessment Number of participants Effect
Other MD"
Risk of  Inconsistency Indirectness Imprecision considerations Intervention' Comparator (95%
Comparison bias? b c d e (n) g (n) (e)) Certainty
BCI-MU vs non-BCL- Not Not serious Serious Serious Undetected 46 42 940 (3.80 ©©00
based interventions serious to 14.99)
Low
BCI-MI-end-effector Serious Not serious Not serious Not serious Undetected 41 41 875356 ©DDBO
robot vs non-BClI-based to 13.94)
: r Moderate
interventions
BCI-MI-end-effector Not Serious Serious Serious Undetected 14 29 785252 ©000
robot + tDCS™ vs non— serious to 13.18) Very low
BCl-based interventions Y
BCI-MI-end-effector Not very serious Serious Serious Undetected 15 29 091 000
robot + tDCS vs BCI-MI-  serious (-4.43 to Very low
end-effector robot 6.24) y
BCI-MI-exoskeleton Serious Not serious Not serious Not serious Undetected 92 94 12.44 SDDO
robot vs non-BClI-based (642 to
: r Moderate
interventions 18.46)
BCL-MI-FES! vs non— Not Serious Serious Not serious Undetected 304 302 775479 @600
BCl-based interventions serious to 10.70)
Low
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Certainty assessment Number of participants Effect
Other _ MD"
Risk of  Inconsistency Indirectness Imprecision considerations Intervention! Comparator (95%
Comparison bias? b ¢ d ¢ (n) g (n) CI) Certainty
BCI-MI-FES+ rTMS™ vs  Serious Not serious Not serious very serious Undetected 20 20 4.00 ©000
non-BCl-based (-9.78 to Very low
interventions 17.78) y
BCI-MI-soft robotic glove Not Serious Not serious Not serious Undetected 52 59 838346 ©DDO
vs non—BClI-based serious to 13.29)
. . Moderate
interventions
BCI-MI-soft robotic glove Not Serious Not serious Serious Undetected 8 15 1.02 DDO0
vs BCI-MI serious (=553 to Low
7.57)
BCI-MI-TEAS" vs non-  Not Serious Not serious Serious Undetected 60 60 13.86 &S00
BClI-based interventions serious (505to Low
22.67)

4Risk of bias: downgraded by 1 level if the majority of evidence was derived from studies at high risk of bias.

bInconsistency: assessed using node-splitting and design-by-treatment interaction models. Evidence was downgraded by 1 level for significant
inconsistency (P<.05) or substantial heterogeneity (I2=50%) and by 2 levels for I%=80%.

CIndirectness: downgraded by one level if included studies deviated from the predefined population, intervention, comparison, outcome, and study

design (PICOS) framework or violated the transitivity assumption.

dImprecision: downgraded for wide Cls, failure to meet the optimal information size, or estimates failing to meet the minimal clinically important
difference. Two levels of downgrading were applied only in cases of very serious imprecision.
€Other considerations: evidence was downgraded by 1 level for evidence of publication bias.

fIntervention: BCI-based combination therapies.
gComparator: conventional rehabilitation or control.
"MD: mean difference.

BCL: brain-computer interface.

IMI: motor imagery.

XDCS: transcranial direct current stimulation.

IFES: functional electric stimulation.

My TMS: repetitive transcranial magnetic stimulation.
"TEAS: transcutaneous electrical acupoint stimulation.

Discussion

Principal Results

This study evaluated the comparative efficacy of 12 distinct
BCl-based interventions for poststroke upper limb rehabilita-
tion, involving 2906 patients with stroke across 72 RCTs.
Pairwise meta-analysis revealed that, compared with control
groups, improvements in FMA-UE and WMFT surpassed
the established MCID threshold, whereas those in ARAT
and MBI failed to reach this threshold. Although pooled
estimates demonstrated robust efficacy, the wide 95% PIs
indicate significant clinical variability across diverse settings,
underscoring the context-dependent nature of real-world
BClI-based interventions. Network meta-analysis revealed
that, BCI-MI-TEAS consistently achieved high SUCRA
rankings across body functions, body structures, activities,
and participation outcomes. Furthermore, BCI-MI-end-effec-
tor robot + tDCS showed the largest estimated effect for
improving gross and fine motor functions, while BCI-MI-
exoskeleton robot achieved a more favorable ranking in
enhancing upper limb function, movement quality, and the
capacity for independent living in domestic and commun-
ity settings. Accordingly, clinical decision-making should
prioritize tailoring the selection of BCI-based interventions
to specific rehabilitation goals. However, with the certainty of
evidence for the comparisons between BCI-based interven-
tions and control groups ranging from very low to high, these

https://www jmir.org/2026/1/€92940

findings should be interpreted with caution as indicators of
potential efficacy rather than as definitive evidence of clinical
superiority.

Although the FMA-UE network meta-analysis initially
exhibited global and local inconsistency, these issues were
mitigated after excluding studies at high risk of bias.
Transitivity assessment further substantiated that these
variations were primarily driven by disparities in patient
baseline characteristics and intervention protocols across
nodes. BCI-based interventions leverage neurofeedback
mechanisms to facilitate the remodeling of motor circuits
[18]. This process necessitates a certain degree of neuro-
plastic potential and is significantly modulated by clini-
cal variables, particularly the time elapsed since stroke
onset [126]. High-frequency training leverages continuous
closed-loop feedback to facilitate neural remodeling, whereas
short-term interventions often yield suboptimal results due
to insufficient practice opportunities [24]. Therefore, the
observed inconsistency reflects meaningful clinical heteroge-
neity rather than methodological bias.

Compared with control groups, BCI-based interventions
demonstrated a pooled average improvement in FMA-UE and
WMFT that surpassed the established MCID [127,128], a
finding that contrasts with prior meta-analyses [21,23,24].
Conversely, pooled improvements in ARAT and MBI fell
short of the MCID [56,129], although even these metrics
exhibited a greater degree of improvement relative to the
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findings reported in earlier literature [21,23,24]. This may be
attributed to the recent rapid development of BCI technology,
including signal acquisition, feature extraction, classifica-
tion, command translation, and external feedback devices,
which has significantly enhanced the efficiency and depth of
neural plasticity induction [18,130]. Although these technical
advancements have effectively translated neuroplasticity into
measurable improvements in body structures and functions,
the subsequent transfer to real-world activities and participa-
tion remains a more complex process. Whereas the evidence
supporting the efficacy of ARAT is graded as high, the
confidence in the evidence for other outcomes remains low,
and the included studies frequently exhibit a high risk of
bias. These findings should be interpreted as demonstrat-
ing potential therapeutic gains rather than as establishing
definitive clinical superiority.

The wide PIs for FMA-UE, WMFT, ARAT, and MBI
demonstrated substantial interindividual variability; individ-
ual clinical outcomes following BCI-based interventions
remain highly uncertain and context dependent. First, the
heterogeneity of patients with stroke regarding their recovery
stage, lesion topography, and baseline upper limb impairment
imposes stringent demands on the decoding performance and
adaptive calibration of BCI systems [131]. Second, BCI-
based interventions comprise diverse experimental paradigms,
external auxiliary devices, and adjunctive noninvasive brain
stimulation; these configurational variations likely modulate
the efficacy of limb rehabilitation [18]. Third, the training
dosage, including intensity, frequency, and duration, may
be insufficient to trigger the neuroplastic changes required
to promote effective upper limb recovery in patients with
stroke [132]. Finally, the majority of BCI-based interventions
are optimized for laboratory tasks rather than for ecological
contexts. The absence of realistic, closed-loop designs thus
restricts their ability to facilitate meaningful gains in activities
and participation [132].

In terms of body structures and functions, BCI-MI-
TEAS achieved the highest SUCRA ranking for FMA-UE,
suggesting that it may serve as a potentially effective
intervention for modulating the physiological substrates of
motor recovery post stroke. By applying electrical stimu-
lation to specific acupoints, TEAS acts as a peripheral
counterpart to acupuncture, facilitating the restoration of
voluntary motor control [133]. This delivers precise sensory
afferent feedback that optimizes cortical excitability and
reinforces the neural pathways essential for motor recovery
[133,134]. Simultaneously, BCI-based interventions promote
functional reorganization within the central nervous system,
effectively strengthening neuroplasticity across integrated
brain regions [57,130]. This bidirectional synchronization
between peripheral sensory input and central reorganization
optimizes the recovery of impaired neural structures and
motor functions. In terms of activities and participation,
BCI-MI-TEAS also exerts a positive influence. By match-
ing the distal hand’s peripheral innervation, this approach
facilitates the reconstruction of cortical circuits governing
fine motor dexterity [135]. By optimizing these physiolog-
ical structures and fine motor dexterity, this intervention
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improves overall physical function, effectively translating
clinical motor gains into ADL independence and broader
social participation within family and community contexts
[133]. However, the evidence supporting BCI-MI-TEAS for
these outcomes is predominantly graded as low to moderate,
with substantial heterogeneity and a high risk of bias across
the included studies. These findings should be interpreted
with caution, as they are exploratory and hypothesis-gener-
ating in nature, representing preliminary signals of efficacy
rather than definitive conclusions.

Among the evaluated interventions, BCI-MI-FES
demonstrated clinically meaningful improvements in
FMA-UE, which is supported by high-certainty evidence,
low statistical heterogeneity, and a predominantly moder-
ate risk of bias. Notably, this intervention accounted for
the highest number of included studies. It also achieved
MCID for improving FMA-UE in patients post stroke, a
finding that aligns with previous meta-analyses [21,24].
Although BCI-MI-FES and BCI-MI-TEAS share the same
foundation of integrating central neural reorganization with
peripheral electrical stimulation, BCI-MI-FES specifically
targets motor-driven activation, while BCI-MI-TEAS focuses
on neuromodulation [136]. Previous studies have indica-
ted that the synergistic integration of neuromodulation and
brain decoding is pivotal for the clinical translation of
BCI technology, a paradigm that BCI-MI-TEAS exemplifies
[137]. Despite BCI-MI-TEAS currently having a moderate to
low evidence quality, the clinical promise of this emerging
paradigm is evident, warranting further large-scale, high-qual-
ity randomized controlled trials to substantiate its efficacy.

In terms of activities and participation, BCI-MI-end-effec-
tor robot + tDCS ranked highest in the current network for
ARAT, effectively enhancing grasping, gripping, pinching,
and gross motor functions. End-effector robotic training
primarily targets distal upper limb control and task-spe-
cific practice, which are essential for dexterity and fine
motor performance [58,59]. The synergy between BCI-based
interventions and tDCS enables precise modulation of neural
activity. By modulating cortical excitability, this combination
effectively enhances the therapeutic outcomes of BCI-based
interventions [19,138]. This is corroborated by the supe-
rior SUCRA value of BCI-MI-end-effector robot + tDCS
compared to that of BCI-MI-end-effector robot. Concur-
rently, both interventions yielded significant improvements
in functional independence within domestic and commun-
ity settings. As distal upper limb dexterity is a critical
determinant of functional independence, these improvements
in motor function facilitate the transition from impairment
recovery to enhanced activities and participation [139].
However, given the limited number of studies and the
relatively low quality of evidence currently available, these
findings should be interpreted with caution and cannot yet be
considered as a definitive clinical standard.

Furthermore, BCI-MI-exoskeleton robot demonstrated
superior effect size estimates for both WMFT and MBI.
By providing real-time feedback aligned with MI-induced
intentions, exoskeleton-assisted training enhances multijoint
synergy and optimizes range of motion, facilitating the
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translation of these motor gains into improved independence
in domestic and community settings [140,141]. Notably,
BCI-MI-exoskeleton robot may be limited by its mechanical
complexity, potential discomfort, and challenges in anatomi-
cal alignment, which may compromise patient adherence and
consequently diminish the therapeutic gains reliant on active
neural engagement [142]. However, these findings should be
interpreted with caution. While the low statistical heterogene-
ity lends some confidence to these estimates, the moderate
certainty of evidence and high risk of bias underscore the
necessity for large-scale, high-quality trials to definitively
validate the long-term clinical efficacy of BCI-MI-exoskele-
ton robot.

Implications for Practice and Research

Although the overall certainty of the evidence remains
limited, BCI-based interventions demonstrate considerable
potential for enhancing upper limb rehabilitation in stroke
survivors. This study identifies several potential interven-
tion strategies across the domains of body functions,
body structures, activities, and participation; however, these
findings should be regarded as a foundation for further
research rather than as definitive clinical practice guidelines.
Notably, BCI-MI-TEAS consistently achieved favorable
rankings across multiple outcome domains, marking it as a
candidate worthy of further investigation. However, given
that the evidence certainty for this intervention remains low
to moderate, large-scale, high-quality randomized controlled
trials are essential before firm clinical conclusions can be
drawn. Furthermore, mean improvements in activities and
participation observed in most current BCI-based interven-
tions have yet to reach the MCID. Future research must shift
focus beyond mere motor impairment reduction to validate
whether these gains translate into meaningful functional
independence while incorporating broader social participa-
tion—based outcome indicators to assess real-world reintegra-
tion.

Blinding in BCl-based interventions 1is inherently
challenging to implement due to the visible nature of EEG
caps, interactive interfaces, or external assistive devices,
which may compromise trial integrity. The overall quality of
evidence for BCI-based interventions is predominantly rated
as low to moderate, with wide prediction intervals indicat-
ing substantial therapeutic heterogeneity. This evidence base
remains fragmented across trials regarding stroke chronic-
ity, baseline impairment severity, intervention protocols, and
outcome measures. Moreover, as most RCTs are small-scale
with highly diverse control groups, node sparsity may limit
the stability of our rankings and the precision of indirect
comparisons. The ranking of these interventions must be
viewed with caution, as these estimates may reflect under-
lying imbalances in patient characteristics or intervention
intensity rather than purely comparative therapeutic efficacy.

Xu et al

Therefore, these findings should be interpreted as providing
a clinical direction for future practice rather than serving
as definitive clinical recommendations for all patients with
stroke.

Limitations

Several limitations should be considered. First, with only 8
trials (11.1%) at low risk of bias and substantial heteroge-
neity, the robustness of pairwise effect estimates is limi-
ted, along with a predominantly low to moderate certainty
of evidence for intervention comparisons, which warrants
cautious interpretation of the network meta-analysis findings.
Second, several intervention nodes were informed by a
limited number of studies, reducing the precision of some
comparisons. Third, decomposition of BCI-based interven-
tions into specific experimental paradigms, external auxiliary
devices, and noninvasive brain stimulation resulted in overly
fragmented network nodes, thereby diluting comparison
sample sizes and reducing overall statistical power. Fourth,
the paucity of outcome measures addressing the participa-
tion domain limits this study’s ability to fully evaluate the
potential of BCl-based interventions in facilitating social
reintegration. Finally, many comparisons relied primarily on
indirect evidence because direct head-to-head trials between
BClI-based interventions remain scarce.

Conclusion

To the best of our knowledge, this study represents the first
network meta-analysis to evaluate the comparative efficacy
of various BCI experimental paradigms combined with
different external auxiliary devices and adjunctive noninva-
sive brain stimulation for poststroke upper limb rehabilita-
tion. Previous reviews have often overlooked the nuances of
BCI experimental paradigms and noninvasive brain stim-
ulation; furthermore, they have been unable to provide
comparative assessments of therapeutic efficacy [21,23,24].
This review suggests that BCl-based interventions may
contribute significantly to poststroke upper limb rehabil-
itation. To optimize therapeutic outcomes, interventions
should be tailored to individual patient needs and spe-
cific rehabilitation goals. Notably, BCI-MI-TEAS demonstra-
ted consistently favorable rankings across body functions,
body structures, activities, and participation outcomes, while
BCI-MI-end-effector robot + tDCS and BCI-MI-exoskeleton
robot demonstrated promising rankings regarding activi-
ties and participation. However, substantial heterogeneity,
significant risk of bias, and relatively low certainty in
the evidence necessitate a cautious interpretation of these
findings. These observations should be viewed as exploratory
and hypothesis-generating rather than as definitive clinical
recommendations. Future research should prioritize validating
these promising strategies through large-scale, high-quality
trials to establish a robust scientific foundation.

Acknowledgments

The authors thank all the reviewers for their assistance and support.
The authors declare the use of generative Al (GenAl) in the research and writing process. According to the GAIDeT taxonomy
(2025), the following tasks were delegated to GenAl tools under full human supervision: translation. The GenAl tool used was

https://www jmir.org/2026/1/€92940

J Med Internet Res 2026 | vol. 28 192940 | p. 20
(page number not for citation purposes)


https://www.jmir.org/2026/1/e92940

JOURNAL OF MEDICAL INTERNET RESEARCH Xu et al

Google Gemini. Responsibility for the final manuscript lies entirely with the authors. GenAl tools are not listed as authors and
do not bear responsibility for the outcomes.

Funding

This study was supported by the Key Laboratory of Geriatric Long-term Care, Naval Medical University, Ministry of
Education (2023-03). The funders had no involvement in the study design, data collection, analysis, interpretation of results,
decision to publish, or preparation of the manuscript.

Data Availability

The datasets supporting the conclusions of this study are included in this paper and its supplementary files. Data extraction
forms are available from the corresponding author upon reasonable request.

Authors’ Contributions

JX and YG conceived and designed the research. JX, SX, and YG were responsible for the literature search and data
extraction. WJ, SX, and YG performed the quality assessment and statistical analysis. JX, MJ, HZ, and LQ contributed to
data visualization and interpretation. JX and YG drafted the manuscript. LZ provided supervision, project administration, and
critical revision of the manuscript for important intellectual content.

Conflicts of Interest
None declared.

Multimedia Appendix 1

Tables depicting the characteristics of brain-computer interface (BCI)-based intervention categories, characteristics of included
studies, assessment of the transitivity assumption, results of meta-regression and node-splitting analysis, assessment of
publication bias for pairwise meta-analyses, assessment of publication bias and small-study effects for network meta-analysis,
results of node-splitting analysis after excluding high-risk studies, and league table of BCI-based interventions after excluding
high-risk studies as well as figures depicting forest plots of pairwise meta-analysis, subgroup forest plots of pairwise meta-
analysis, forest plot of subgroup analyses, ranking probability, funnel plot for pairwise meta-analysis to detect publication bias,
comparison-adjusted funnel plot for network meta-analysis, leave-one-out sensitivity analysis plot, and ranking probability
after excluding high-risk studies.

[DOCX File (Microsoft Word File), 9002 KB-Multimedia Appendix 1]

Multimedia Appendix 2

Search strategy.
[DOCX File (Microsoft Word File), 42 KB-Multimedia Appendix 2]

Checklist 1

PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 2020 checklist.
[PDEF File (Adobe File). 125 KB-Checklist 1]

Checklist 2

PRISMA-S (Preferred Reporting Items for Systematic Reviews and Meta-Analyses literature search extension) checklist.
[PDE File (Adobe File), 68 KB-Checklist 2]

References

1. He Q, Wang W, Zhang Y, et al. Global, regional, and national burden of stroke, 1990-2021: a systematic analysis for
global burden of disease 2021. Stroke. Dec 2024;55(12):2815-2824. [doi: 10.1161/STROKEAHA.124.048033]
[Medline: 39417225]

2. Riicker V, Heuschmann PU, O’Flaherty M, et al. Twenty-year time trends in long-term case-fatality and recurrence rates
after ischemic stroke stratified by etiology. Stroke. Sep 2020;51(9):2778-2785. [doi: 10.1161/STROKEAHA.120.
029972] [Medline: 32811383]

3. Takebayashi T, Takahashi K, Okita Y, Kubo H, Hachisuka K, Domen K. Impact of the robotic-assistance level on upper
extremity function in stroke patients receiving adjunct robotic rehabilitation: sub-analysis of a randomized clinical trial.
J Neuroeng Rehabil. Feb 25,2022;19(1):25. [doi: 10.1186/s12984-022-00986-9] [Medline: 35216603]

4. Hayward KS, Ferris JK, Lohse KR, et al. Observational study of neuroimaging biomarkers of severe upper limb
impairment after stroke. Neurology. Jul 25,2022;99(4):e402-e413. [doi: 10.1212/WNL.0000000000200517] [Medline:
35550551]

5. Nichols-Larsen DS, Clark PC, Zeringue A, Greenspan A, Blanton S. Factors influencing stroke survivors’ quality of life
during subacute recovery. Stroke. Jul 2005;36(7):1480-1484. [doi: 10.1161/01.STR.0000170706.13595 .4f] [Medline:
15947263]

https://www.jmir.org/2026/1/€92940 J Med Internet Res 2026 | vol. 28 192940 | p. 21
(page number not for citation purposes)


https://jmir.org/api/download?alt_name=jmir_v28i1e92940_app1.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e92940_app1.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e92940_app2.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e92940_app2.docx
https://jmir.org/api/download?alt_name=jmir_v28i1e92940_app3.pdf
https://jmir.org/api/download?alt_name=jmir_v28i1e92940_app3.pdf
https://jmir.org/api/download?alt_name=jmir_v28i1e92940_app4.pdf
https://jmir.org/api/download?alt_name=jmir_v28i1e92940_app4.pdf
https://doi.org/10.1161/STROKEAHA.124.048033
http://www.ncbi.nlm.nih.gov/pubmed/39417225
https://doi.org/10.1161/STROKEAHA.120.029972
https://doi.org/10.1161/STROKEAHA.120.029972
http://www.ncbi.nlm.nih.gov/pubmed/32811383
https://doi.org/10.1186/s12984-022-00986-9
http://www.ncbi.nlm.nih.gov/pubmed/35216603
https://doi.org/10.1212/WNL.0000000000200517
http://www.ncbi.nlm.nih.gov/pubmed/35550551
https://doi.org/10.1161/01.STR.0000170706.13595.4f
http://www.ncbi.nlm.nih.gov/pubmed/15947263
https://www.jmir.org/2026/1/e92940

JOURNAL OF MEDICAL INTERNET RESEARCH Xuetal

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Kwakkel G, Veerbeek JM, van Wegen EEH, Wolf SL. Constraint-induced movement therapy after stroke. Lancet
Neurol. Feb 2015;14(2):224-234. [doi: 10.1016/S1474-4422(14)70160-7] [Medline: 25772900]

Durairaj S, Sardesai S, Solomon JM, Levin MF. Motor learning principles reported in stroke trials of upper limb task-
oriented training: a scoping review. BMJ Open. Nov 13, 2025;15(11):¢098599. [doi: 10.1136/bmjopen-2024-098599]
[Medline: 41238370]

Milani G, Baroni A, Galluccio M, et al. Action observation training for upper limb stroke rehabilitation: a pilot study on
the role of attention. J Clin Med. Sep 19, 2025;14(18):18. [doi: 10.3390/jcm14186618] [Medline: 41010820]

Laver KE, Lange B, George S, et al. Virtual reality for stroke rehabilitation. Cochrane Database Syst Rev. Jun 20,
2025;6(6):CD008349. [doi: 10.1002/14651858.CD008349.pub5] [Medline: 40537150]

Knutson JS, Friedl AS, Hansen KM, et al. Contralaterally controlled functional electrical stimulation for upper extremity
recovery following stroke: a multisite randomized controlled trial. Stroke. Feb 2026;57(2):338-348. [doi: 10.1161/
STROKEAHA.125.052891] [Medline: 41230603]

Li Y, Lian Y, Chen X, et al. Effect of task-oriented training assisted by force feedback hand rehabilitation robot on
finger grasping function in stroke patients with hemiplegia: a randomised controlled trial. J Neuroeng Rehabil. May 14,
2024;21(1):77. [doi: 10.1186/s12984-024-01372-3] [Medline: 38745227]

Zhang N, Wang H, Wang H, Qie S. Impact of the combination of virtual reality and noninvasive brain stimulation on the
upper limb motor function of stroke patients: a systematic review and meta-analysis. J] Neuroeng Rehabil. Oct 5,
2024;21(1):179. [doi: 10.1186/s12984-024-01474-y] [Medline: 39369259]

Lotze M, Ladda AM, Stephan KM. Cerebral plasticity as the basis for upper limb recovery following brain damage.
Neurosci Biobehav Rev. Apr 2019;99:49-58. [doi: 10.1016/j.neubiorev.2019.01.027] [Medline: 30710580]

Sun H, Jin J, Kong W, Zuo C, Li S, Wang X. Novel channel selection method based on position priori weighted
permutation entropy and binary gravity search algorithm. Cogn Neurodyn. Feb 2021;15(1):141-156. [doi: 10.1007/
s11571-020-09608-3] [Medline: 33786085]

Xu 'Y, Chen D, Ye Q, et al. Emerging neural recording and neurostimulation technologies based on brain—computer
interface: a promising approach for neuropsychiatric disorders. MedComm (2020). Apr 2026;7(4):¢70739. [doi: 10.
1002/mco02.70739] [Medline: 41987849]

Mane R, Chouhan T, Guan C. BCI for stroke rehabilitation: motor and beyond. J Neural Eng. Aug 17,
2020;17(4):041001. [doi: 10.1088/1741-2552/abal62] [Medline: 32613947]

Wang Z, Du Y, Guo D, et al. Brain-computer interface and functional electrical stimulation: a novel approach to motor
rehabilitation in CNS injury patients. Int J Surg. 2026;112(3):7925-7935. [doi: 10.1097/JS9.0000000000004392]
Edelman BJ, Zhang S, Schalk G, et al. Non-invasive brain-computer interfaces: state of the art and trends. IEEE Rev
Biomed Eng. 2025;18:26-49. [doi: 10.1109/RBME.2024.3449790] [Medline: 39186407]

Yasen A, Sun W, Gong Y, Xu G. Progress in the combined application of Brain-Computer Interface and non-invasive
brain stimulation for post-stroke motor recovery. Clin Neurophysiol. Dec 2025;180:2111383. [doi: 10.1016/j.clinph.
2025.2111383] [Medline: 41106071]

Barios JA, Ezquerro S, Bertomeu-Motos A, et al. Synchronization of slow cortical rhythms during motor imagery-based
brain—machine interface control. Int J Neur Syst. Jun 2019;29(5):1850045. [doi: 10.1142/S0129065718500454]
[Medline: 30587046]

LiD,LiR, Song Y, et al. Effects of brain-computer interface based training on post-stroke upper-limb rehabilitation: a
meta-analysis. J] Neuroeng Rehabil. 2025;22(1):44. [doi: 10.1186/s12984-025-01588-x] [Medline: 40033447]

Nojima I, Sugata H, Takeuchi H, Mima T. Brain-computer interface training based on brain activity can induce motor
recovery in patients with stroke: a meta-analysis. Neurorehabil Neural Repair. Feb 2022;36(2):83-96. [doi: 10.1177/
15459683211062895] [Medline: 34958261 ]

Cervera MA, Soekadar SR, Ushiba J, et al. Brain-computer interfaces for post-stroke motor rehabilitation: a meta-
analysis. Ann Clin Transl Neurol. May 2018;5(5):651-663. [doi: 10.1002/acn3.544] [Medline: 29761128]

Chen H, Yun G. Efficacy of brain-computer interface therapy for upper limb rehabilitation in chronic stroke: systematic
review and meta-analysis of randomized controlled trials. ] Med Internet Res. Jan 28, 2026;28:¢79132. [doi: 10.2196/
79132] [Medline: 41605490]

Lin X, Li H, Chen N, Wu X. Network meta-analysis of 4 rehabilitation methods with rTMS on upper limb function and
daily activities in patients with stroke. Stroke. Sep 2025;56(9):2644-2657. [doi: 10.1161/STROKEAHA.124.049546]
[Medline: 40444349]

World Health Organization. International Classification of Functioning, Disability and Health. World Health

Organization; 2001. URL: https://www.who.int/standards/classifications/international-classification-of-functioning-
disability-and-health [Accessed 2026-08-20]

https://www.jmir.org/2026/1/€92940 J Med Internet Res 2026 | vol. 28 192940 | p. 22

(page number not for citation purposes)


https://doi.org/10.1016/S1474-4422(14)70160-7
http://www.ncbi.nlm.nih.gov/pubmed/25772900
https://doi.org/10.1136/bmjopen-2024-098599
http://www.ncbi.nlm.nih.gov/pubmed/41238370
https://doi.org/10.3390/jcm14186618
http://www.ncbi.nlm.nih.gov/pubmed/41010820
https://doi.org/10.1002/14651858.CD008349.pub5
http://www.ncbi.nlm.nih.gov/pubmed/40537150
https://doi.org/10.1161/STROKEAHA.125.052891
https://doi.org/10.1161/STROKEAHA.125.052891
http://www.ncbi.nlm.nih.gov/pubmed/41230603
https://doi.org/10.1186/s12984-024-01372-3
http://www.ncbi.nlm.nih.gov/pubmed/38745227
https://doi.org/10.1186/s12984-024-01474-y
http://www.ncbi.nlm.nih.gov/pubmed/39369259
https://doi.org/10.1016/j.neubiorev.2019.01.027
http://www.ncbi.nlm.nih.gov/pubmed/30710580
https://doi.org/10.1007/s11571-020-09608-3
https://doi.org/10.1007/s11571-020-09608-3
http://www.ncbi.nlm.nih.gov/pubmed/33786085
https://doi.org/10.1002/mco2.70739
https://doi.org/10.1002/mco2.70739
http://www.ncbi.nlm.nih.gov/pubmed/41987849
https://doi.org/10.1088/1741-2552/aba162
http://www.ncbi.nlm.nih.gov/pubmed/32613947
https://doi.org/10.1097/JS9.0000000000004392
https://doi.org/10.1109/RBME.2024.3449790
http://www.ncbi.nlm.nih.gov/pubmed/39186407
https://doi.org/10.1016/j.clinph.2025.2111383
https://doi.org/10.1016/j.clinph.2025.2111383
http://www.ncbi.nlm.nih.gov/pubmed/41106071
https://doi.org/10.1142/S0129065718500454
http://www.ncbi.nlm.nih.gov/pubmed/30587046
https://doi.org/10.1186/s12984-025-01588-x
http://www.ncbi.nlm.nih.gov/pubmed/40033447
https://doi.org/10.1177/15459683211062895
https://doi.org/10.1177/15459683211062895
http://www.ncbi.nlm.nih.gov/pubmed/34958261
https://doi.org/10.1002/acn3.544
http://www.ncbi.nlm.nih.gov/pubmed/29761128
https://doi.org/10.2196/79132
https://doi.org/10.2196/79132
http://www.ncbi.nlm.nih.gov/pubmed/41605490
https://doi.org/10.1161/STROKEAHA.124.049546
http://www.ncbi.nlm.nih.gov/pubmed/40444349
https://www.who.int/standards/classifications/international-classification-of-functioning-disability-and-health
https://www.who.int/standards/classifications/international-classification-of-functioning-disability-and-health
https://www.jmir.org/2026/1/e92940

JOURNAL OF MEDICAL INTERNET RESEARCH Xu et al

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Cantillo-Negrete J, Rodriguez-Garcia ME, Carrillo-Mora P, et al. The ReHand-BClI trial: a randomized controlled trial
of a brain-computer interface for upper extremity stroke neurorehabilitation. Front Neurosci. 2025;19:1579988. [doi: 10.
3389/fnins.2025.1579988] [Medline: 40606836]

Ang KK, Guan C, Phua KS, et al. Facilitating effects of transcranial direct current stimulation on motor imagery brain-
computer interface with robotic feedback for stroke rehabilitation. Arch Phys Med Rehabil. Mar 2015;96(3 Suppl):S79-
S87. [doi: 10.1016/j.apmr.2014.08.008] [Medline: 25721551]

Ang KK, Guan C, Phua KS, et al. Brain-computer interface-based robotic end effector system for wrist and hand
rehabilitation: results of a three-armed randomized controlled trial for chronic stroke. Front Neuroeng. 2014;7:30. [doi:
10.3389/fneng.2014.00030] [Medline: 25120465]

Bucher HC, Guyatt GH, Griffith LE, Walter SD. The results of direct and indirect treatment comparisons in meta-
analysis of randomized controlled trials. J Clin Epidemiol. Jun 1997;50(6):683-691. [doi: 10.1016/s0895-
4356(97)00049-8] [Medline: 9250266]

Wang Z, Zhao B, Li Y, Jing J, Suo L, Zhang G. Comparison of the effects of 19 exercise interventions on symptoms,
pain, balance, and muscular strength in patients with chemotherapy-induced peripheral neuropathy: a systematic review
and network meta-analysis. Int J Nurs Stud. Apr 2025;164:105014. [doi: 10.1016/].ijnurstu.2025.105014] [Medline:
39946864]

Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic
reviews. BMJ. Mar 29,2021;372:n71. [doi: 10.1136/bmj.n71] [Medline: 33782057]

Rethlefsen ML, Kirtley S, Waffenschmidt S, et al. PRISMA-S: an extension to the PRISMA Statement for Reporting
Literature Searches in Systematic Reviews. Syst Rev. Jan 26,2021;10(1):39. [doi: 10.1186/s13643-020-01542-7]
[Medline: 33499930]

Dirren E, Escribano Paredes JB, Klug J, et al. Stroke incidence, case fatality, and mortality using the WHO International
Classification of Diseases 11: The Geneva Stroke Study. Neurology. Mar 11, 2025;104(5):e213353. [doi: 10.1212/WNL.
0000000000213353] [Medline: 39965170]

Gladstone DJ, Danells CJ, Black SE. The Fugl-Meyer assessment of motor recovery after stroke: a critical review of its
measurement properties. Neurorehabil Neural Repair. Sep 2002;16(3):232-240. [doi: 10.1177/154596802401105171]
[Medline: 12234086]

Carpinella I, Cattaneo D, Ferrarin M. Quantitative assessment of upper limb motor function in multiple sclerosis using
an instrumented Action Research Arm Test. J Neuroeng Rehabil. 2014;11(1):67. [doi: 10.1186/1743-0003-11-67]
[Medline: 24745972]

Wolf SL, Catlin PA, Ellis M, Archer AL, Morgan B, Piacentino A. Assessing Wolf Motor Function Test as Outcome
Measure for Research in Patients After Stroke. Stroke. Jul 2001;32(7):1635-1639. [doi: 10.1161/01.STR.32.7.1635]
Pellicciari L, Basagni B, Paperini A, et al. Trunk control test as a main predictor of the Modified Barthel Index Score at
discharge from intensive post-acute stroke rehabilitation: results from a multicenter Italian study. Arch Phys Med
Rehabil. Feb 2024;105(2):326-334. [doi: 10.1016/j.apmr.2023.08.007] [Medline: 37625531]

Sterne JAC, Savovié J, Page MJ, et al. RoB 2: a revised tool for assessing risk of bias in randomised trials. BMJ. Aug
28,2019;366:14898. [doi: 10.1136/bmj.14898] [Medline: 31462531]

Axon E, Dwan K, Richardson R. Multiarm studies and how to handle them in a meta-analysis: a tutorial. Cochrane Evid
Synth Methods. Dec 2023;1(10):e12033. [doi: 10.1002/cesm.12033] [Medline: 40476010]

Franchini AJ, Dias S, Ades AE, Jansen JP, Welton NJ. Accounting for correlation in network meta-analysis with multi-
arm trials. Res Synth Methods. Jun 2012;3(2):142-160. [doi: 10.1002/jrsm.1049] [Medline: 26062087]

IntHout J, Ioannidis JPA, Borm GF. The Hartung-Knapp-Sidik-Jonkman method for random effects meta-analysis is
straightforward and considerably outperforms the standard DerSimonian-Laird method. BMC Med Res Methodol. Feb
18,2014;14:25. [doi: 10.1186/1471-2288-14-25] [Medline: 24548571]

Brini S, Leung TI. Value and credibility of meta-analysis: tutorial on enhancing methodological rigor and Al-powered
efficiency. J Med Internet Res. Jul 2, 2026;28:¢92132. [doi: 10.2196/92132] [Medline: 42390911]

Borenstein M, Hedges LV, Higgins JPT, Rothstein HR. A basic introduction to fixed-effect and random-effects models
for meta-analysis. Res Synth Methods. Apr 2010;1(2):97-111. [doi: 10.1002/jrsm.12] [Medline: 26061376]

Borenstein M. Avoiding common mistakes in meta-analysis: understanding the distinct roles of Q, I-squared, tau-
squared, and the prediction interval in reporting heterogeneity. Res Synth Methods. Mar 2024;15(2):354-368. [doi: 10.
1002/jrsm.1678] [Medline: 37940120]

Borenstein M. How to understand and report heterogeneity in a meta-analysis: The difference between I-squared and
prediction intervals. Integr Med Res. Dec 2023;12(4):101014. [doi: 10.1016/j.imr.2023.101014] [Medline: 38938910]
Nagashima K, Noma H, Furukawa TA. Prediction intervals for random-effects meta-analysis: a confidence distribution
approach. Stat Methods Med Res. Jun 2019;28(6):1689-1702. [doi: 10.1177/0962280218773520] [Medline: 29745296]

https://www.jmir.org/2026/1/€92940 J Med Internet Res 2026 | vol. 28 192940 | p. 23

(page number not for citation purposes)


https://doi.org/10.3389/fnins.2025.1579988
https://doi.org/10.3389/fnins.2025.1579988
http://www.ncbi.nlm.nih.gov/pubmed/40606836
https://doi.org/10.1016/j.apmr.2014.08.008
http://www.ncbi.nlm.nih.gov/pubmed/25721551
https://doi.org/10.3389/fneng.2014.00030
http://www.ncbi.nlm.nih.gov/pubmed/25120465
https://doi.org/10.1016/s0895-4356(97)00049-8
https://doi.org/10.1016/s0895-4356(97)00049-8
http://www.ncbi.nlm.nih.gov/pubmed/9250266
https://doi.org/10.1016/j.ijnurstu.2025.105014
http://www.ncbi.nlm.nih.gov/pubmed/39946864
https://doi.org/10.1136/bmj.n71
http://www.ncbi.nlm.nih.gov/pubmed/33782057
https://doi.org/10.1186/s13643-020-01542-z
http://www.ncbi.nlm.nih.gov/pubmed/33499930
https://doi.org/10.1212/WNL.0000000000213353
https://doi.org/10.1212/WNL.0000000000213353
http://www.ncbi.nlm.nih.gov/pubmed/39965170
https://doi.org/10.1177/154596802401105171
http://www.ncbi.nlm.nih.gov/pubmed/12234086
https://doi.org/10.1186/1743-0003-11-67
http://www.ncbi.nlm.nih.gov/pubmed/24745972
https://doi.org/10.1161/01.STR.32.7.1635
https://doi.org/10.1016/j.apmr.2023.08.007
http://www.ncbi.nlm.nih.gov/pubmed/37625531
https://doi.org/10.1136/bmj.l4898
http://www.ncbi.nlm.nih.gov/pubmed/31462531
https://doi.org/10.1002/cesm.12033
http://www.ncbi.nlm.nih.gov/pubmed/40476010
https://doi.org/10.1002/jrsm.1049
http://www.ncbi.nlm.nih.gov/pubmed/26062087
https://doi.org/10.1186/1471-2288-14-25
http://www.ncbi.nlm.nih.gov/pubmed/24548571
https://doi.org/10.2196/92132
http://www.ncbi.nlm.nih.gov/pubmed/42390911
https://doi.org/10.1002/jrsm.12
http://www.ncbi.nlm.nih.gov/pubmed/26061376
https://doi.org/10.1002/jrsm.1678
https://doi.org/10.1002/jrsm.1678
http://www.ncbi.nlm.nih.gov/pubmed/37940120
https://doi.org/10.1016/j.imr.2023.101014
http://www.ncbi.nlm.nih.gov/pubmed/38938910
https://doi.org/10.1177/0962280218773520
http://www.ncbi.nlm.nih.gov/pubmed/29745296
https://www.jmir.org/2026/1/e92940

JOURNAL OF MEDICAL INTERNET RESEARCH Xu et al

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Xu C,Niu Y, WuJ, Gu H, Zhang C. Software and package applicating for network meta-analysis: a usage-based
comparative study. J Evid -Based Med. Aug 2018;11(3):176-183. [doi: 10.1111/jebm.12264]

Salanti G, Ades AE, Ioannidis JPA. Graphical methods and numerical summaries for presenting results from multiple-
treatment meta-analysis: an overview and tutorial. J Clin Epidemiol. Feb 2011;64(2):163-171. [doi: 10.1016/j.jclinepi.
2010.03.016] [Medline: 20688472]

van Valkenhoef G, Dias S, Ades AE, Welton NJ. Automated generation of node-splitting models for assessment of
inconsistency in network meta-analysis. Res Synth Methods. Mar 2016;7(1):80-93. [doi: 10.1002/jrsm.1167] [Medline:
26461181]

Jackson D, Barrett JK, Rice S, White IR, Higgins JPT. A design-by-treatment interaction model for network meta-
analysis with random inconsistency effects. Stat Med. Sep 20, 2014;33(21):3639-3654. [doi: 10.1002/sim.6188]
[Medline: 24777711]

Stuck AE, Rubenstein LZ, Wieland D, et al. Bias in meta-analysis detected by a simple, graphical test. BMJ. Feb 7,
1998;316(7129):469-469. [doi: 10.1136/bmj.316.7129.469]

Sterne JAC, Sutton AJ, Ioannidis JPA, et al. Recommendations for examining and interpreting funnel plot asymmetry in
meta-analyses of randomised controlled trials. BMJ. Jul 22,2011;343:d4002. [doi: 10.1136/bmj.d4002] [Medline:
21784880]

Sedgwick P, Marston L. How to read a funnel plot in a meta-analysis. BMJ. 2015;351:h4718. [doi: 10.1136/bmj.h4718]
Guyatt GH, Oxman AD, Vist GE, et al. GRADE: an emerging consensus on rating quality of evidence and strength of
recommendations. BMJ. Apr 26, 2008;336(7650):924-926. [doi: 10.1136/bmj.39489.470347.AD] [Medline: 18436948]
Brunner I, Lundquist CB, Pedersen AR, Spaich EG, Dosen S, Savic A. 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. J Neuroeng Rehabil. 2024;21(1):10. [doi: 10.1186/s12984-024-01304-1] [Medline: 38245782]
LiM,Liu Y, Wu Y, Liu S, Jia J, Zhang L. Neurophysiological substrates of stroke patients with motor imagery-based
brain-computer interface training. Int J Neurosci. Jun 2014;124(6):403-415. [doi: 10.3109/00207454.2013.850082]
[Medline: 24079396]

LuR,Pang Z, Gao T, et al. Multisensory BCI promotes motor recovery via high-order network-mediated
interhemispheric integration in chronic stroke. BMC Med. Jul 1, 2025;23(1):380. [doi: 10.1186/s12916-025-04214-8]
[Medline: 40598460]

Foong R, Ang KK, Quek C, et al. Assessment of the efficacy of EEG-based MI-BCI with visual feedback and EEG
correlates of mental fatigue for upper-limb stroke rehabilitation. IEEE Trans Biomed Eng. Mar 2020;67(3):786-795.
[doi: 10.1109/TBME.2019.2921198] [Medline: 31180829]

Ramirez-Nava AG, Mercado-Gutierrez JA, Quinzafios-Fresnedo J, et al. Functional electrical stimulation therapy
controlled by a P300-based brain-computer interface, as a therapeutic alternative for upper limb motor function recovery
in chronic post-stroke patients: a non-randomized pilot study. Front Neurol. 2023;14:1221160. [doi: 10.3389/fneur.2023.
1221160] [Medline: 37669261 ]

Pichiorri F, Morone G, Petti M, et al. Brain-computer interface boosts motor imagery practice during stroke recovery.
Ann Neurol. May 2015;77(5):851-865. [doi: 10.1002/ana.24390] [Medline: 25712802]

Hu YQ, Gao TH, Li J, Tao JC, Bai YL, Lu RR. Motor imagery-based brain-computer interface combined with
multimodal feedback to promote upper limb motor function after stroke: a preliminary study. Evid Based Complement
Alternat Med. 2021;2021:1116126. [doi: 10.1155/2021/1116126] [Medline: 34777531]

Mihara M, Hattori N, Hatakenaka M, et al. Near-infrared spectroscopy-mediated neurofeedback enhances efficacy of
motor imagery-based training in poststroke victims: a pilot study. Stroke. Apr 2013;44(4):1091-1098. [doi: 10.1161/
STROKEAHA.111.674507] [Medline: 23404723]

Huang H. Impact of BCI-based upper limb rehabilitation on hand motor recovery and functional restoration in post-
stroke patients [Master’s thesis] [Article in Chinese]. Tianjin University of Sport; 2024. URL: https://link.cnki.net/doi/
10.27364/d.cnki.gttyy.2024.000259 [doi: 10.27364/d .cnki.gttyy.2024.000259]

Gao L, Chu F, Jia F, Chen J, Zhang M. Effect of brain-computer interface based on visual, auditory and motor feedback
combined with transcranial direct current stimulation on upper limb function in stroke patients [Article in Chinese]. Chin
J Rehabil Theory Pract. 2024;30(2):202-209. [doi: 10.3969/j.issn.1006-9771.2024.02.010]

Cantillo-Negrete J, Carino-Escobar RI, Carrillo-Mora P, et al. Brain-computer interface coupled to a robotic hand
orthosis for stroke patients’ neurorehabilitation: a crossover feasibility study. Front Hum Neurosci. 2021;15:656975.
[doi: 10.3389/fnhum.2021.656975] [Medline: 34163342]

Chew E, Teo WP, Tang N, et al. Using transcranial direct current stimulation to augment the effect of motor imagery-

assisted brain-computer interface training in chronic stroke patients-cortical reorganization considerations. Front Neurol.
2020;11:948. [doi: 10.3389/fneur.2020.00948] [Medline: 32973672]

https://www.jmir.org/2026/1/€92940 J Med Internet Res 2026 | vol. 28 192940 | p. 24

(page number not for citation purposes)


https://doi.org/10.1111/jebm.12264
https://doi.org/10.1016/j.jclinepi.2010.03.016
https://doi.org/10.1016/j.jclinepi.2010.03.016
http://www.ncbi.nlm.nih.gov/pubmed/20688472
https://doi.org/10.1002/jrsm.1167
http://www.ncbi.nlm.nih.gov/pubmed/26461181
https://doi.org/10.1002/sim.6188
http://www.ncbi.nlm.nih.gov/pubmed/24777711
https://doi.org/10.1136/bmj.316.7129.469
https://doi.org/10.1136/bmj.d4002
http://www.ncbi.nlm.nih.gov/pubmed/21784880
https://doi.org/10.1136/bmj.h4718
https://doi.org/10.1136/bmj.39489.470347.AD
http://www.ncbi.nlm.nih.gov/pubmed/18436948
https://doi.org/10.1186/s12984-024-01304-1
http://www.ncbi.nlm.nih.gov/pubmed/38245782
https://doi.org/10.3109/00207454.2013.850082
http://www.ncbi.nlm.nih.gov/pubmed/24079396
https://doi.org/10.1186/s12916-025-04214-8
http://www.ncbi.nlm.nih.gov/pubmed/40598460
https://doi.org/10.1109/TBME.2019.2921198
http://www.ncbi.nlm.nih.gov/pubmed/31180829
https://doi.org/10.3389/fneur.2023.1221160
https://doi.org/10.3389/fneur.2023.1221160
http://www.ncbi.nlm.nih.gov/pubmed/37669261
https://doi.org/10.1002/ana.24390
http://www.ncbi.nlm.nih.gov/pubmed/25712802
https://doi.org/10.1155/2021/1116126
http://www.ncbi.nlm.nih.gov/pubmed/34777531
https://doi.org/10.1161/STROKEAHA.111.674507
https://doi.org/10.1161/STROKEAHA.111.674507
http://www.ncbi.nlm.nih.gov/pubmed/23404723
https://link.cnki.net/doi/10.27364/d.cnki.gttyy.2024.000259
https://link.cnki.net/doi/10.27364/d.cnki.gttyy.2024.000259
https://doi.org/10.27364/d.cnki.gttyy.2024.000259
https://doi.org/10.3969/j.issn.1006-9771.2024.02.010
https://doi.org/10.3389/fnhum.2021.656975
http://www.ncbi.nlm.nih.gov/pubmed/34163342
https://doi.org/10.3389/fneur.2020.00948
http://www.ncbi.nlm.nih.gov/pubmed/32973672
https://www.jmir.org/2026/1/e92940

JOURNAL OF MEDICAL INTERNET RESEARCH Xuetal

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Biasiucci A, Leeb R, Iturrate I, et al. Brain-actuated functional electrical stimulation elicits lasting arm motor recovery
after stroke. Nat Commun. Jun 20, 2018;9(1):2421. [doi: 10.1038/s41467-018-04673-z] [Medline: 29925890]

Tan Y. Effect of repetitive transcranial magnetic stimulation combined with brain computer interface on upper limb
motor function in stroke patients [Master’s thesis] [Article in Chinese]. Hebei Medical University; 2022. URL: https://
link.cnki.net/doi/10.27111/d.cnki.ghyku.2022.000256 [doi: 10.27111/d.cnki.ghyku.2022.000256]

Cheng N, Phua KS, Lai HS, et al. Brain-computer interface-based soft robotic glove rehabilitation for stroke. IEEE
Trans Biomed Eng. Dec 2020;67(12):3339-3351. [doi: 10.1109/TBME.2020.2984003] [Medline: 32248089]

He X, Kang X, Jia L. Effects of MI-SSVEP-based brain-computer interface-assisted rehabilitation training on upper
limb motor function in stroke patients [Article in Chinese]. Chin J Stroke. 2025;20(9):1087-1096. [doi: 10.3969/].issn.
1673-5765.2025.09.003]

Guo N, Wang X, Duanmu D, et al. SSVEP-based brain computer interface controlled soft robotic glove for post-stroke
hand function rehabilitation. IEEE Trans Neural Syst Rehabil Eng. 2022;30:1737-1744. [doi: 10.1109/TNSRE.2022.
3185262] [Medline: 35731756]

He J, Yuan Z, Quan L, et al. Multimodal assessment of a BCI system for stroke rehabilitation integrating motor imagery
and motor attempts: a randomized controlled trial. J Neuroeng Rehabil. Aug 26, 2025;22(1):185. [doi: 10.1186/s12984-
025-01723-8] [Medline: 40859358]

Xia X, Wang Z, Xiao J. Comparative study on the efficacy of rehabilitation brain-computer interface versus motor
imagery therapy in upper limb motor function rehabilitation during the flaccid paralysis phase of stroke [Article in
Chinese]. Chin J Stroke. 2025;20(10):1222-1228. [doi: 10.3969/].issn.1673-5765.2025.10.003]

LulJ, Wang P, Li H, Wang J, Li X, Wang C. Effect of brain computer interface combined with acupuncture therapy on
motor and cognitive function in stroke patients [Article in Chinese]. Chin J Clin Res. 2025;38(5):725-729. [doi: 10.
13429/j.cnki.cjcr.2025.05.015]

Ang KK, Chua KSG, Phua KS, et al. A randomized controlled trial of EEG-based motor imagery brain-computer
interface robotic rehabilitation for stroke. Clin EEG Neurosci. Oct 2015;46(4):310-320. [doi: 10.1177/
1550059414522229] [Medline: 24756025]

Chen R, Cheng G, Zhang X, et al. Randomized controlled trial of sequential motor imagery—based brain—computer
interface and scalp acupuncture for post-stroke motor recovery with a multimodal neuroimaging case exploration. J
Neurorestoratology. Jun 2026;14(3):100296. [doi: 10.1016/j.jnrt.2026.100296]

Lin BS, Chen JL, Hsu HC. Novel upper-limb rehabilitation system based on attention technology for post-stroke
patients: a preliminary study. IEEE Access. 2018;6:2720-2731. [doi: 10.1109/ACCESS.2017.2785122]

Ming Z, Yu W, Fan J, Ling G, Fengming C, Wei T. Efficacy of kinesthetic motor imagery based brain computer
interface combined with tDCS on upper limb function in subacute stroke. Sci Rep. Apr 7,2025;15(1):11829. [doi: 10.
1038/541598-025-96039-x] [Medline: 40195429]

Frolov AA, Mokienko O, Lyukmanov R, et al. Post-stroke rehabilitation training with a motor-imagery-based brain-
computer interface (BCI)-controlled hand exoskeleton: a randomized controlled multicenter trial. Front Neurosci.
2017;11:400. [doi: 10.3389/fnins.2017.00400] [Medline: 28775677]

Fu J, Chen S, Shu X, Jiang Z, Wei D, Jia J. Effects of brain-computer interface training on motor function recovery in
patients with post-stroke sensory impairment: an exploratory study [Article in Chinese]. Chin J Stroke.
2022;17(10):1051-1057. [doi: 10.3389/fnins.2023.1146146]

FuJ, Chen S, Shu X, et al. Functional-oriented, portable brain-computer interface training for hand motor recovery after
stroke: a randomized controlled study. Front Neurosci. 2023;17:1146146. [doi: 10.3389/fnins.2023.1146146] [Medline:
37250399]

Li X, Wang L, Miao S, et al. Sensorimotor rhythm-brain computer interface with audio-cue, motor observation and
multisensory feedback for upper-limb stroke rehabilitation: a controlled study. Front Neurosci. 2022;16:808830. [doi:
10.3389/fnins.2022.808830] [Medline: 35360158]

Liang S, Zhu Y, Wang W, et al. Application of brain-computer interface in the rehabilitation of upper limb motor
dysfunction in stroke patients [Article in Chinese]. Chin J Rehabil Med. 2020;35(2):185-188. [doi: 10.3969/].issn.1001-
1242.2020.02.012]

LiuM,LiZ,Cao Y, He D, Song X. Effect of brain-computer interface training based on motor imagery on hand
function for subacute stroke patients [Article in Chinese]. Chin J Rehabil Theory Pract. 2023;29(1):71-76. [doi: 10.3969/
j.issn.1006-9771.2023.01.010]

Liu J. Evaluation and mechanism study of motor imagery-based brain-computer interface training on upper-limb
function rehabilitation in stroke patients [Master’s thesis] [Article in Chinese]. Guangdong Medical University; 2024.
URL: https://d.wanfangdata.com.cn/thesis/
ChhUaGVzaXNOZXdTMjAyNDASMjAXNTE3MjUSCUQwMzQ4NTIWNXoIZWRWZXNSY X1%3D [Accessed
2026-08-26]

https://www.jmir.org/2026/1/€92940 J Med Internet Res 2026 | vol. 28 192940 | p. 25

(page number not for citation purposes)


https://doi.org/10.1038/s41467-018-04673-z
http://www.ncbi.nlm.nih.gov/pubmed/29925890
https://link.cnki.net/doi/10.27111/d.cnki.ghyku.2022.000256
https://link.cnki.net/doi/10.27111/d.cnki.ghyku.2022.000256
https://doi.org/10.27111/d.cnki.ghyku.2022.000256
https://doi.org/10.1109/TBME.2020.2984003
http://www.ncbi.nlm.nih.gov/pubmed/32248089
https://doi.org/10.3969/j.issn.1673-5765.2025.09.003
https://doi.org/10.3969/j.issn.1673-5765.2025.09.003
https://doi.org/10.1109/TNSRE.2022.3185262
https://doi.org/10.1109/TNSRE.2022.3185262
http://www.ncbi.nlm.nih.gov/pubmed/35731756
https://doi.org/10.1186/s12984-025-01723-8
https://doi.org/10.1186/s12984-025-01723-8
http://www.ncbi.nlm.nih.gov/pubmed/40859358
https://doi.org/10.3969/j.issn.1673-5765.2025.10.003
https://doi.org/10.13429/j.cnki.cjcr.2025.05.015
https://doi.org/10.13429/j.cnki.cjcr.2025.05.015
https://doi.org/10.1177/1550059414522229
https://doi.org/10.1177/1550059414522229
http://www.ncbi.nlm.nih.gov/pubmed/24756025
https://doi.org/10.1016/j.jnrt.2026.100296
https://doi.org/10.1109/ACCESS.2017.2785122
https://doi.org/10.1038/s41598-025-96039-x
https://doi.org/10.1038/s41598-025-96039-x
http://www.ncbi.nlm.nih.gov/pubmed/40195429
https://doi.org/10.3389/fnins.2017.00400
http://www.ncbi.nlm.nih.gov/pubmed/28775677
https://doi.org/10.3389/fnins.2023.1146146
https://doi.org/10.3389/fnins.2023.1146146
http://www.ncbi.nlm.nih.gov/pubmed/37250399
https://doi.org/10.3389/fnins.2022.808830
http://www.ncbi.nlm.nih.gov/pubmed/35360158
https://doi.org/10.3969/j.issn.1001-1242.2020.02.012
https://doi.org/10.3969/j.issn.1001-1242.2020.02.012
https://doi.org/10.3969/j.issn.1006-9771.2023.01.010
https://doi.org/10.3969/j.issn.1006-9771.2023.01.010
https://d.wanfangdata.com.cn/thesis/ChhUaGVzaXNOZXdTMjAyNDA5MjAxNTE3MjUSCUQwMzQ4NTIwNxoIZWRwZXN5YXI%3D
https://d.wanfangdata.com.cn/thesis/ChhUaGVzaXNOZXdTMjAyNDA5MjAxNTE3MjUSCUQwMzQ4NTIwNxoIZWRwZXN5YXI%3D
https://www.jmir.org/2026/1/e92940

JOURNAL OF MEDICAL INTERNET RESEARCH Xuetal

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Liu L, Qin W, Le L, Qu X, Zhang Q, Nie Z. Application of motor imagery based brain computer interface in stroke
patients with hand dysfunction [Article in Chinese]. Chin J Rehabil. 2024;39(12):707-713. [doi: 10.3870/zgkf.2024.12.
001]

Lyukmanov RK, Aziatskaya GA, Mokienko OA, et al. Post-stroke rehabilitation training with a brain-computer
interface: a clinical and neuropsychological study [Article in Russian]. Zh Nevrol Psikhiatr Im S S Korsakova.
2018;118(8):43-51. [doi: 10.17116/jnevro201811808143] [Medline: 30251977]

Ramos-Murguialday A, Curado MR, Broetz D, et al. Brain-machine interface in chronic stroke: randomized trial long-
term follow-up. Neurorehabil Neural Repair. Mar 2019;33(3):188-198. [doi: 10.1177/1545968319827573] [Medline:
30722727]

Virkuti B, Guan C, Pan Y, et al. Resting state changes in functional connectivity correlate with movement recovery for
BCI and robot-assisted upper-extremity training after stroke. Neurorehabil Neural Repair. Jan 2013;27(1):53-62. [doi:
10.1177/1545968312445910] [Medline: 22645108]

Wu Q, Yue Z, Ge Y, et al. Brain functional networks study of subacute stroke patients with upper limb dysfunction after
comprehensive rehabilitation including BCI training. Front Neurol. 2019;10:1419. [doi: 10.3389/fneur.2019.01419]
[Medline: 32082238]

Zanona ADF, Piscitelli D, Seixas VM, et al. Brain-computer interface combined with mental practice and occupational
therapy enhances upper limb motor recovery, activities of daily living, and participation in subacute stroke. Front
Neurol. 2022;13:1041978. [doi: 10.3389/fneur.2022.1041978] [Medline: 36698872]

Zhang Z,Li C, Su M. A brain-computer interface can improve upper limb function after an ischemic stroke [Article in
Chinese]. Chin J Phys Med Rehabil. 2025;47(4):300-306. URL.: https://d.wanfangdata.com.cn/periodical/
CiBQZXJpb2RpY2FsQ0hJU29scjkyMDITMTIyNDE1NDU INRIPemh3bHI4MjAYyNTAOMDA zGghjbGtjemVoaw==
[doi: 10.3760/cma.j.cn421666-20230704-00537]

Zheng J, Wu Z, Wang A, Zeng Y, Jiang R, Wang B. The clinical observation of Xingnao Kaiqiao needling method
combined with brain-computer interface-and rehabilitation robot in treating the hand dysfunction after stroke [Article in
Chinese]. Journal of Gannan Medical University. 2023;43(1):53-58. URL: https://kns.cnki.net/kcms2/article/abstract?v=

OfZxIIxxsvCDXBC1DjzLsLIWFOkkZKwCdHK3ZnHRUnOm8iukEs Zu2IBNUWinKvHTe BFlpZ
gIGPt0ZHASraPSnVgPnXkp7Vmt1CNCg-Gel5aKpBKb1WAfGrY96mZg5SefRrlcZ7prpk2p8TX1mROCmM6MOSICS-
tD4SYUI2BPS5q1 mWIt3ey6y3unP17S5faJ &uniplatform=NZKPT&language=CHS [doi: 10.3969/j.issn.1001-5779.2023.
01.010]

Zhou G, Chen X, Tan H, et al. The clinical efficacy of closed-loop rehabilitation therapy by brain-computer interface
combined with exoskeleton robotic hand for patients with hand dysfunction after cerebral infarction [Article in Chinese].
J Pract Med. 2024;40(17):2395-2400. URL: https://www.syyxzz.com/EN/Y2024/V40/117/2395 [doi: 10.3969/].issn.
1006-5725.2024.17.007]

Wang C. Effect of brain computer interface combined with transcranial direct current stimulation on hand motor
dysfunction in cerebral ischemic stroke [Master’s thesis] [Article in Chinese]. 2023. URL: https://d.wanfangdata.com.cn/
thesis/D03273850 [Accessed 2026-08-26]

Chen X, Na J, Ma X, Jin Q, Zhang R, Zhang X. The effect of brain-computer interface combined with motor imagery
training on upper limb function recovery in patients with ischemic stroke [Article in Chinese]. Chin J Phys Med Rehabil.
2023;45(3):222-225. [doi: 10.3760/cma.j.issn.0254-1424.2023.03.006]

Dun H, Guo H, Li H, Xu F, Zhu W. Application of mirror therapy combined with brain-computer interfacete chnology
in upper limb functional rehabilitation of patients after stroke [Article in Chinese]. Chongqing Med J.
2023;52(18):2820-2824. [doi: 10.3969/].issn.1671-8348.2023.18.019]

Gao H, Hou S, Wang X, Zhu C. Effect of brain-computer interface on upper limb motor dysfunction in stroke patients
based on functional near-infrared spectroscopy [Article in Chinese]. Chin J Rehabil Theory Pract.
2025;31(9):1066-1073. [doi: 10.3969/].issn.1006-9771.2025.09.010]

Hou S, Wang L, Wang C. Improvement of upper limb and brain function in stroke patients through motor imagery brain
computer interface training [Article in Chinese]. Chin J Rehabil Med. 2024;39(11):643-648. [doi: 10.3870/zgkf.2024.11.
001]

Kim T, 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. Mar
2016;23(1):39-47. [doi: 10.1002/0ti.1403] [Medline: 26301519]

Kim MS, Park H, Kwon I, et al. Efficacy of brain-computer interface training with motor imagery-contingent feedback
in improving upper limb function and neuroplasticity among persons with chronic stroke: a double-blinded, parallel-
group, randomized controlled trial. J Neuroeng Rehabil. Jan 6,2025;22(1):1. [doi: 10.1186/s12984-024-01535-2]
[Medline: 39757218]

Krueger J, Krauth R, Reichert C, et al. Hebbian plasticity induced by temporally coincident BCI enhances post-stroke
motor recovery. Sci Rep. Aug 12,2024;14(1):18700. [doi: 10.1038/s41598-024-69037-8] [Medline: 39134592]

https://www.jmir.org/2026/1/€92940 J Med Internet Res 2026 | vol. 28 192940 | p. 26

(page number not for citation purposes)


https://doi.org/10.3870/zgkf.2024.12.001
https://doi.org/10.3870/zgkf.2024.12.001
https://doi.org/10.17116/jnevro201811808143
http://www.ncbi.nlm.nih.gov/pubmed/30251977
https://doi.org/10.1177/1545968319827573
http://www.ncbi.nlm.nih.gov/pubmed/30722727
https://doi.org/10.1177/1545968312445910
http://www.ncbi.nlm.nih.gov/pubmed/22645108
https://doi.org/10.3389/fneur.2019.01419
http://www.ncbi.nlm.nih.gov/pubmed/32082238
https://doi.org/10.3389/fneur.2022.1041978
http://www.ncbi.nlm.nih.gov/pubmed/36698872
https://d.wanfangdata.com.cn/periodical/CiBQZXJpb2RpY2FsQ0hJU29scjkyMDI1MTIyNDE1NDU1NRIPemh3bHl4MjAyNTA0MDAzGghjbGtjemVoaw==
https://d.wanfangdata.com.cn/periodical/CiBQZXJpb2RpY2FsQ0hJU29scjkyMDI1MTIyNDE1NDU1NRIPemh3bHl4MjAyNTA0MDAzGghjbGtjemVoaw==
https://doi.org/10.3760/cma.j.cn421666-20230704-00537
https://kns.cnki.net/kcms2/article/abstract?v=OfZxIIxxsvCDXBC1DjzLsLIWFOkkZKwCdHK3ZnHRUn0m8iukEs_Zu2lBNUWinKvHTe_BFlpZ_gIGPt0ZHASraPSnVgPnXkp7Vmt1CNCg-Ge15aKpBKb1WAfGrY96mZg5efRrIcZ7prpk2p8TX1mROCm6MO5IC8-tD4SYUI2BP5q1mWlt3ey6y3unPl7S5faJ&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=OfZxIIxxsvCDXBC1DjzLsLIWFOkkZKwCdHK3ZnHRUn0m8iukEs_Zu2lBNUWinKvHTe_BFlpZ_gIGPt0ZHASraPSnVgPnXkp7Vmt1CNCg-Ge15aKpBKb1WAfGrY96mZg5efRrIcZ7prpk2p8TX1mROCm6MO5IC8-tD4SYUI2BP5q1mWlt3ey6y3unPl7S5faJ&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=OfZxIIxxsvCDXBC1DjzLsLIWFOkkZKwCdHK3ZnHRUn0m8iukEs_Zu2lBNUWinKvHTe_BFlpZ_gIGPt0ZHASraPSnVgPnXkp7Vmt1CNCg-Ge15aKpBKb1WAfGrY96mZg5efRrIcZ7prpk2p8TX1mROCm6MO5IC8-tD4SYUI2BP5q1mWlt3ey6y3unPl7S5faJ&uniplatform=NZKPT&language=CHS
https://kns.cnki.net/kcms2/article/abstract?v=OfZxIIxxsvCDXBC1DjzLsLIWFOkkZKwCdHK3ZnHRUn0m8iukEs_Zu2lBNUWinKvHTe_BFlpZ_gIGPt0ZHASraPSnVgPnXkp7Vmt1CNCg-Ge15aKpBKb1WAfGrY96mZg5efRrIcZ7prpk2p8TX1mROCm6MO5IC8-tD4SYUI2BP5q1mWlt3ey6y3unPl7S5faJ&uniplatform=NZKPT&language=CHS
https://doi.org/10.3969/j.issn.1001-5779.2023.01.010
https://doi.org/10.3969/j.issn.1001-5779.2023.01.010
https://www.syyxzz.com/EN/Y2024/V40/I17/2395
https://doi.org/10.3969/j.issn.1006-5725.2024.17.007
https://doi.org/10.3969/j.issn.1006-5725.2024.17.007
https://d.wanfangdata.com.cn/thesis/D03273850
https://d.wanfangdata.com.cn/thesis/D03273850
https://doi.org/10.3760/cma.j.issn.0254-1424.2023.03.006
https://doi.org/10.3969/j.issn.1671-8348.2023.18.019
https://doi.org/10.3969/j.issn.1006⁃9771.2025.09.010
https://doi.org/10.3870/zgkf.2024.11.001
https://doi.org/10.3870/zgkf.2024.11.001
https://doi.org/10.1002/oti.1403
http://www.ncbi.nlm.nih.gov/pubmed/26301519
https://doi.org/10.1186/s12984-024-01535-2
http://www.ncbi.nlm.nih.gov/pubmed/39757218
https://doi.org/10.1038/s41598-024-69037-8
http://www.ncbi.nlm.nih.gov/pubmed/39134592
https://www.jmir.org/2026/1/e92940

JOURNAL OF MEDICAL INTERNET RESEARCH Xuetal

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Lee SH, Kim SS, Lee BH. Action observation training and brain-computer interface controlled functional electrical
stimulation enhance upper extremity performance and cortical activation in patients with stroke: a randomized controlled
trial. Physiother Theory Pract. Sep 2022;38(9):1126-1134. [doi: 10.1080/09593985.2020.1831114] [Medline: 33026895]
Liang T, Long Y, Lu L, et al. Effect of rope-assisted proprioceptive neuromuscular facilitation combined with rope-
assisted brain-computer interface training on upper limb function in stroke patients with hemiplegia: a randomized
controlled trial [Article in Chinese]. Chin J Rehabil Theory Pract. 2024;30(8):972-978. [doi: 10.3969/j.issn.1006-9771.
2024.08.013]

Liao W, LiJ, Zhang X, Li C. Motor imagery brain-computer interface rehabilitation system enhances upper limb
performance and improves brain activity in stroke patients: a clinical study. Front Hum Neurosci. 2023;17:1117670.
[doi: 10.3389/fnhum.2023.1117670] [Medline: 36999132]

Liu X, Zhang W, Li W, Zhang S, Lv P, Yin Y. Effects of motor imagery based brain-computer interface on upper limb
function and attention in stroke patients with hemiplegia: a randomized controlled trial. BMC Neurol. Mar 31,
2023;23(1):136. [doi: 10.1186/s12883-023-03150-5] [Medline: 37003976]

Liu X. Effects of motor imagery based brain-computerinterface on upper limb function and attention instroke patients
with hemiplegia [Master’s thesis] [Article in Chinese]. North China University of Science and Technology; 2023. URL.:
https://link .cnki.net/doi/10.27108/d.cnki.ghelu.2023.000062 [doi: 10.27108/d.cnki.ghelu.2023.000062]

Ma Z. Research on influence and brain mechanism of Brain computer interface and scalp acupuncture therapy on
rehabilitation of motor recovery after stroke [Master’s thesis] [Article in Chinese]. Shanghai University of Traditional
Chinese Medicine. 2021. URL: https://link.cnki.net/doi/10.27320/d.cnki.gszyu.2021.000167 [doi: 10.27320/d.cnki.
gszyu.2021.000167]

Miao Y, Chen S, Zhang X, et al. BCI-based rehabilitation on the stroke in sequela stage. Neural Plast.
2020;2020:8882764. [doi: 10.1155/2020/8882764] [Medline: 33414824]

Rungsirisilp N, Chaiyawat P, Techataweesub S, Meesrisuk A, Wongsawat Y. Applying action observation during a
brain-computer interface on upper limb recovery in chronic stroke patients. IEEE Access. 2023;11:4931-4943. [doi: 10.
1109/ACCESS.2023.3236182]

Sun X. Investigation on functional reconstruction of patients with brain-computer interface combined with functional
electrical stimulation in high plateaus cerebral ischemic stroke [Master’s thesis] [Article in Chinese]. Qinghai
University; 2023. URL: https://d.wanfangdata.com.cn/thesis/D03273797 [Accessed 2026-08-26]

Tang Q, Zhang T. Effects of functional electrical stimulation controlled by brain-computer interface on upper limb
dysfunction in stroke patients [Article in Chinese]. Chin J Rehabil Theory Pract. 2021;27(7):802-806. [doi: 10.3969/].
issn.1006-9771.2021.07.011]

Wang L, Zhang Y, Wang C, Sun C, Li M, Liu X. Clinical study of brain-computer interface based electrical stimulation
training in improving upper limb dysfunction of patients with stroke [Article in Chinese]. Biomed Eng Clin Med.
2022;26(2):163-168. [doi: 10.13339/j.cnki.sglc.20220218.014]

Wang P, Liu J, Wang L, Ma H, Mei X, Zhang A. Effects of brain-computer interface combined with mindfulness
therapy on rehabilitation of hemiplegic patients with stroke: a randomized controlled trial. Front Psychol.
2023;14:1241081. [doi: 10.3389/fpsyg.2023.1241081] [Medline: 37876845]

Wang A, Tian X, Jiang D, et al. Rehabilitation with brain-computer interface and upper limb motor function in ischemic
stroke: a randomized controlled trial. Med. Jun 14, 2024;5(6):559-569. [doi: 10.1016/1.medj.2024.02.014] [Medline:
38642555]

Zhan G, Chen S, Ji Y, et al. EEG-based brain network analysis of chronic stroke patients after BCI rehabilitation
training. Front Hum Neurosci. 2022;16:909610. [doi: 10.3389/fnhum.2022.909610] [Medline: 35832876]

Zhang M. Effects of brain-computer interface technology on upper limb and hand function in stroke patients with
hemiplegia [Master’s thesis] [Article in Chinese]. Hebei Normal University; 2020. URL: https://link.cnki.net/doi/10.
27110/d.cnki.ghsfu.2020.000116 [Accessed 2026-08-28] [doi: 10.27110/d.cnki.ghsfu.2020.000116]

Zhang W, Liu X, Yan Y, et al. Clinical efficacy of motor imagery-based brain-computer interface collaborative training
combined with conventional rehabilitation therapy on subacute stroke patients with hemiplegia. Rehabil Med. Apr 1,
2025;35(2):146-151. [doi: 10.3724/SP.J.1329.2025.02006]

Zhou Y,HeJ, Yang Z, Zhang L, Huang Y. Therapeutic effect of brain-computer interface (BCI) combined with
functional electrical stimulation on upper limb motor function in stroke patients [Article in Chinese]. Chin J Rehabil.
2025;40(6):349-353. [doi: 10.3870/zgkf.2025.06.005]

JiX,Lu X, XuY,etal. Effects and neural mechanisms of a brain-computer interface-controlled soft robotic glove on
upper limb function in patients with subacute stroke: a randomized controlled fNIRS study. J] Neuroeng Rehabil. Jul 24,
2025;22(1):171. [doi: 10.1186/s12984-025-01704-x] [Medline: 40707971]

Liu X, Gao L, Chu F, Chen J, Zhang M. Effect of brain-computer interface combined with upper limb rehabilitation
robot on upper limb function of stroke patients [Article in Chinese]. Chin J Rehabil Theory Pract. 2025;31(6):703-710.
URL: https://link.cnki.net/urlid/11.3759.R.20250611.1139.020 [doi: 10.3969/].issn.1006-9771.2025.06.011]

Yang Y, Wang H, Dong Y, et al. Effect of visual motion-induced brain-computer interface technology on upper limb
motor and cognitive function of patients with stroke [Article in Chinese]. Chin J Rehabil Theory Pract.

https://www.jmir.org/2026/1/€92940 J Med Internet Res 2026 | vol. 28 192940 | p. 27

(page number not for citation purposes)


https://doi.org/10.1080/09593985.2020.1831114
http://www.ncbi.nlm.nih.gov/pubmed/33026895
https://doi.org/10.3969/j.issn.1006-9771.2024.08.013
https://doi.org/10.3969/j.issn.1006-9771.2024.08.013
https://doi.org/10.3389/fnhum.2023.1117670
http://www.ncbi.nlm.nih.gov/pubmed/36999132
https://doi.org/10.1186/s12883-023-03150-5
http://www.ncbi.nlm.nih.gov/pubmed/37003976
https://link.cnki.net/doi/10.27108/d.cnki.ghelu.2023.000062
https://doi.org/10.27108/d.cnki.ghelu.2023.000062
https://link.cnki.net/doi/10.27320/d.cnki.gszyu.2021.000167
https://doi.org/10.27320/d.cnki.gszyu.2021.000167
https://doi.org/10.27320/d.cnki.gszyu.2021.000167
https://doi.org/10.1155/2020/8882764
http://www.ncbi.nlm.nih.gov/pubmed/33414824
https://doi.org/10.1109/ACCESS.2023.3236182
https://doi.org/10.1109/ACCESS.2023.3236182
https://d.wanfangdata.com.cn/thesis/D03273797
https://doi.org/10.3969/j.issn.1006⁃9771.2021.07.011
https://doi.org/10.3969/j.issn.1006⁃9771.2021.07.011
https://doi.org/10.13339/j.cnki.sglc.20220218.014
https://doi.org/10.3389/fpsyg.2023.1241081
http://www.ncbi.nlm.nih.gov/pubmed/37876845
https://doi.org/10.1016/j.medj.2024.02.014
http://www.ncbi.nlm.nih.gov/pubmed/38642555
https://doi.org/10.3389/fnhum.2022.909610
http://www.ncbi.nlm.nih.gov/pubmed/35832876
https://link.cnki.net/doi/10.27110/d.cnki.ghsfu.2020.000116
https://link.cnki.net/doi/10.27110/d.cnki.ghsfu.2020.000116
https://doi.org/10.27110/d.cnki.ghsfu.2020.000116
https://doi.org/10.3724/SP.J.1329.2025.02006
https://doi.org/10.3870/zgkf.2025.06.005
https://doi.org/10.1186/s12984-025-01704-x
http://www.ncbi.nlm.nih.gov/pubmed/40707971
https://link.cnki.net/urlid/11.3759.R.20250611.1139.020
https://doi.org/10.3969/j.issn.1006⁃9771.2025.06.011
https://www.jmir.org/2026/1/e92940

JOURNAL OF MEDICAL INTERNET RESEARCH Xuetal

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

2023;29(4):472-478. URL: https://link.cnki.net/urlid/11.3759.R.20230516.1006.020 [doi: 10.3969/j.issn.1006-9771.
2023.04.013]

Xin H, Li P, Li X, Wang G. Effect of low frequency transcutaneous acupoint electrical stimulation combined with
balance acupuncture and brain computer interface technology on upper limb motor function of stroke patients [Article in
Chinese]. J Clin Acupunct Moxibustion. 2022;38(10):10-15. [doi: 10.19917/j.cnki.1005-0779.022184]

Pan X, Zhang R, Xia X, Cui H, Liu L, Chen X. Feasibility of a hybrid SSVEP-motor imagery BCI with robotic feedback
for upper limb motor rehabilitation in stroke patients. J Neurosci Methods. Aug 2026;432:110780. [doi: 10.1016/].
jneumeth.2026.110780] [Medline: 42044749]

Chen S, Xie N, Tang Y, et al. Long-term brain-computer interface functional electrical stimulation enhances
neuroplasticity and functional recovery in elderly stroke: a 4.5-year longitudinal study integrating
electroencephalography biomarkers and clinical assessments. Research (Wash D C). 2025;8:0984. [doi: 10.34133/
research.0984] [Medline: 41356598]

Prasad NK, Perry NJ, Goldring AL, et al. A retrospective analysis of post-stroke rehabilitation with real world use of
brain-computer interface. J Neuroeng Rehabil. Jan 21, 2026;23(1):68. [doi: 10.1186/s12984-026-01880-4] [Medline:
41566501]

Lin KC, Hsieh YW, Wu CY, Chen CL, Jang Y, Liu JS. Minimal detectable change and clinically important difference of
the Wolf Motor Function Test in stroke patients. Neurorehabil Neural Repair. Jun 2009;23(5):429-434. [doi: 10.1177/
1545968308331144]

Hsieh YW, Wang CH, Wu SC, Chen PC, Sheu CF, Hsieh CL. Establishing the minimal clinically important difference
of the Barthel Index in stroke patients. Neurorehabil Neural Repair. 2007;21(3):233-238. [doi: 10.1177/
1545968306294729] [Medline: 17351082]

Jain A, Raveendran S, Nair KPS, Ramakrishnan S. Brain-computer interface: an update for the clinicians. Front Hum
Neurosci. 2026;20:1777024. [doi: 10.3389/fnhum.2026.1777024] [Medline: 42100576]

Bai Z, Fong KNK, Zhang JJ, Chan J, Ting KH. Immediate and long-term effects of BCI-based rehabilitation of the
upper extremity after stroke: a systematic review and meta-analysis. J Neuroeng Rehabil. Apr 25, 2020;17(1):57. [doi:
10.1186/512984-020-00686-2] [Medline: 32334608

Vidaurre C, Irastorza-Landa N, Sarasola-Sanz A, et al. Challenges of neural interfaces for stroke motor rehabilitation.
Front Hum Neurosci. 2023;17:1070404. [doi: 10.3389/fnhum.2023.1070404] [Medline: 37789905]

Wang X, Yin L, Wang Y, et al. Transcutaneous electrical acupoint stimulation for upper limb motor recovery after
stroke: a systematic review and meta-analysis. Front Aging Neurosci. 2024;16:1438994. [doi: 10.3389/fnagi.2024.
1438994]

Yin T. Comparative effectiveness of non-pharmacological therapies of traditional Chinese medicine on overall cognitive
function in elderly with mild cognitive impairment: a systematic evaluation and network meta-analysis. Alzheimers
Dement. Dec 2025;21(54):¢099011. [doi: 10.1002/alz70858 _099011]

Alwhaibi RM, Mahmoud NF, Zakaria HM, et al. Therapeutic efficacy of transcutaneous electrical nerve stimulation
acupoints on motor and neural recovery of the affected upper extremity in chronic stroke: a sham-controlled randomized
clinical trial. Healthcare. 2021;9(5):614. [doi: 10.3390/healthcare9050614]

Lazari A, Salvan P, Cottaar M, Papp D, Rushworth MFS, Johansen-Berg H. Hebbian activity-dependent plasticity in
white matter. Cell Rep. Jun 14, 2022;39(11):110951. [doi: 10.1016/j.celrep.2022.110951] [Medline: 35705046]
Kosnoff J, Yu K, Liu C, He B. Transcranial focused ultrasound to V5 enhances human visual motion brain-computer
interface by modulating feature-based attention. Nat Commun. Jun 11, 2024;15(1):4382. [doi: 10.1038/s41467-024-
48576-8] [Medline: 38862476]

Kwok TM, Yu H. A novel bilateral underactuated upper limb exoskeleton for post-stroke bimanual ADL training. IEEE
Trans Neural Syst Rehabil Eng. 2024;32:3299-3309. [doi: 10.1109/TNSRE.2024.3407653] [Medline: 38814776]
§abanagic’—Hajrié S, Mahmutbegovic N, Hasanbegovic E, Al-Tawil A, Al-Tawil A, Mukinovic D. Motor and dexterity
assessments as predictors of functional independence in post-stroke patients. Cureus. Mar 2026;18(3):e104558. [doi: 10.
7759/cureus.104558] [Medline: 41930036]

Park JM, Park HJ, Yoon SY, Kim YW, Shin JI, Lee SC. Effects of robot-assisted therapy for upper limb rehabilitation
after stroke: an umbrella review of systematic reviews. Stroke. May 2025;56(5):1243-1252. [doi: 10.1161/
STROKEAHA .124.048183] [Medline: 40115991]

Singh N, Saini M, Kumar N, Srivastava MVP, Mehndiratta A. Evidence of neuroplasticity with robotic hand
exoskeleton for post-stroke rehabilitation: a randomized controlled trial. J Neuroeng Rehabil. May 6,2021;18(1):76.
[doi: 10.1186/s12984-021-00867-7] [Medline: 33957937]

Veerbeek JM, Langbroek-Amersfoort AC, van Wegen EEH, Meskers CGM, Kwakkel G. Effects of robot-assisted
therapy for the upper limb after stroke. Neurorehabil Neural Repair. Feb 2017;31(2):107-121. [doi: 10.1177/
1545968316666957] [Medline: 27597165]

Abbreviations

ADL: activities of daily living

https://www.jmir.org/2026/1/€92940 J Med Internet Res 2026 | vol. 28 192940 | p. 28

(page number not for citation purposes)


https://link.cnki.net/urlid/11.3759.R.20230516.1006.020
https://doi.org/10.3969/j.issn.1006⁃9771.2023.04.013
https://doi.org/10.3969/j.issn.1006⁃9771.2023.04.013
https://doi.org/10.19917/j.cnki.1005-0779.022184
https://doi.org/10.1016/j.jneumeth.2026.110780
https://doi.org/10.1016/j.jneumeth.2026.110780
http://www.ncbi.nlm.nih.gov/pubmed/42044749
https://doi.org/10.34133/research.0984
https://doi.org/10.34133/research.0984
http://www.ncbi.nlm.nih.gov/pubmed/41356598
https://doi.org/10.1186/s12984-026-01880-4
http://www.ncbi.nlm.nih.gov/pubmed/41566501
https://doi.org/10.1177/1545968308331144
https://doi.org/10.1177/1545968308331144
https://doi.org/10.1177/1545968306294729
https://doi.org/10.1177/1545968306294729
http://www.ncbi.nlm.nih.gov/pubmed/17351082
https://doi.org/10.3389/fnhum.2026.1777024
http://www.ncbi.nlm.nih.gov/pubmed/42100576
https://doi.org/10.1186/s12984-020-00686-2
http://www.ncbi.nlm.nih.gov/pubmed/32334608
https://doi.org/10.3389/fnhum.2023.1070404
http://www.ncbi.nlm.nih.gov/pubmed/37789905
https://doi.org/10.3389/fnagi.2024.1438994
https://doi.org/10.3389/fnagi.2024.1438994
https://doi.org/10.1002/alz70858_099011
https://doi.org/10.3390/healthcare9050614
https://doi.org/10.1016/j.celrep.2022.110951
http://www.ncbi.nlm.nih.gov/pubmed/35705046
https://doi.org/10.1038/s41467-024-48576-8
https://doi.org/10.1038/s41467-024-48576-8
http://www.ncbi.nlm.nih.gov/pubmed/38862476
https://doi.org/10.1109/TNSRE.2024.3407653
http://www.ncbi.nlm.nih.gov/pubmed/38814776
https://doi.org/10.7759/cureus.104558
https://doi.org/10.7759/cureus.104558
http://www.ncbi.nlm.nih.gov/pubmed/41930036
https://doi.org/10.1161/STROKEAHA.124.048183
https://doi.org/10.1161/STROKEAHA.124.048183
http://www.ncbi.nlm.nih.gov/pubmed/40115991
https://doi.org/10.1186/s12984-021-00867-7
http://www.ncbi.nlm.nih.gov/pubmed/33957937
https://doi.org/10.1177/1545968316666957
https://doi.org/10.1177/1545968316666957
http://www.ncbi.nlm.nih.gov/pubmed/27597165
https://www.jmir.org/2026/1/e92940

JOURNAL OF MEDICAL INTERNET RESEARCH Xuetal

ARAT: Action Research Arm Test

BCI: brain-computer interface

CNKI: China National Knowledge Infrastructure

EEG: electroencephalography

ERP: P300 Event-Related Potentials

FES: functional electrical stimulation

FMA-UE: Fugl-Meyer Assessment-Upper Extremity

GRADE: Grading of Recommendations, Assessment, Development, and Evaluation
ICF: International Classification of Functioning, Disability and Health

MBI: Modified Barthel Index

MCID: minimal clinically important difference

MD: mean difference

MI: motor imagery

NMA: network meta-analysis

PI: prediction interval

PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses
PRISMA-S: Preferred Reporting Items for Systematic Reviews and Meta-Analyses literature search extension
RCT: randomized controlled trial

RoB 2: Cochrane Risk of Bias 2 tool

rTMS: repetitive transcranial magnetic stimulation

SSVEP: steady-state visual evoked potentials
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WMFT: Wolf Motor Function Test
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