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Abstract 

Upper limb dysfunction following stroke is a significant factor affecting patients' daily 

living abilities, social participation, and quality of life. While traditional rehabilitation 

therapies can promote motor function recovery to some extent, their efficacy remains 

limited for patients with moderate to severe upper limb dysfunction. A motor imagery 

brain-computer interface (MI-BCI) that acquires and decodes EEG signals generated 

during motor imagery transforms the brain's motor intentions into external feedback, 

thereby reconstructing the closed-loop pathway of "cortical activation—peripheral 

feedback—sensory input." It is considered a cutting-edge rehabilitation technology for 

promoting neuroplasticity and reconstructing motor function. In recent years, multiple 

randomized controlled trials and systematic reviews have shown that MI-BCI has a 

positive effect on upper-limb motor function recovery, improvements in daily living 

abilities, and brain function reorganization after stroke, especially when combined 

with feedback methods such as robotics and functional electrical stimulation. 

However, this technology still faces challenges in terms of sample size, 

standardization of intervention protocols, long-term follow-up, and clinical 

implementation pathways. This article reviews and analyzes the mechanism of action 

and current clinical applications of MI-BCI, aiming to provide a theoretical basis and 

practical reference for the precise rehabilitation of upper-limb dysfunction after stroke. 
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1. Introduction 

Stroke is characterized by high incidence, high disability rate, and high recurrence rate, and is one of the leading causes of long-

term disability in adults worldwide. Upper limb motor dysfunction is one of the most common functional deficits after stroke, 

often manifesting as limited coordination of the shoulder, elbow, wrist, and hand, severely affecting daily living activities such 

as eating, dressing, transferring, and fine motor skills. Because upper limb motor function relies heavily on fine cortical control, 

recovery is usually slower than in the lower limbs, and long-term functional impairment is more likely. 

Traditional upper limb rehabilitation typically includes task-oriented training, occupational therapy, neuromuscular facilitation 

techniques, robot-assisted training, and functional electrical stimulation, but these interventions often rely on the patient's 

remaining motor function. For patients with moderate to severe paralysis, especially those with very little or no active movement, 

traditional methods alone are often insufficient to activate the damaged cortical network fully. The emergence of MI-BCI 

provides such patients with a new pathway to bypass limited peripheral motor output and directly utilize central motor intention 

in rehabilitation training. The EEG-based MI-BCI system can identify sensorimotor rhythm changes during motor imagery and 

provide immediate feedback through robots, exoskeletons, virtual reality, or functional electrical stimulation, thereby enhancing 
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central-peripheral coupling and promoting functional 

recovery. Multiple clinical studies and meta-analyses have 

shown that BCI training promotes recovery of upper limb 

motor function after stroke, with the strongest evidence for 

upper limb rehabilitation. [2, 5, 6, 7, 9] 

 

2. Basic Principles and Rehabilitation Mechanisms of MI-

BCI 

2.1. The Neural Basis of Motor Imagery 

Motor imagery is the mental activity in which an individual 

simulates the execution of an action in the brain without 

producing actual motor output. Studies have shown that 

motor imagery can activate neural networks similar to those 

activated by real movement, including the primary motor 

cortex, supplementary motor area, premotor cortex, and 

parietal lobe-related areas. Even if stroke patients cannot 

perform actual movements, they may still retain a degree of 

motor intention and motor imagery, providing a theoretical 

basis for MI-BCI intervention. The EEG signals generated 

during MI usually show event-related desynchronization or 

synchronization changes in the sensorimotor rhythm (SMR), 

especially in the μ and β frequency bands, which can serve 

as important features for BCI recognition. [3] 

 

2.2. Closed-loop rehabilitation mechanism of MI-BCI 

The MI-BCI system typically includes four core components: 

signal acquisition, feature extraction, pattern recognition, and 

feedback output. When a patient imagines movement in the 

affected upper limb, the system acquires EEG signals and 

identifies the patient's intention to move. Once the 

identification is successful, the system drives a robot, robotic 

hand, exoskeleton, or functional electrical stimulation device 

to perform the corresponding action. It provides the patient 

with visual, auditory, or proprioceptive feedback. This 

process constructs a closed-loop training model of "motor 

intention - brain signal decoding - external execution - 

sensory feedback".  

The significance of this closed-loop mechanism for 

rehabilitation is mainly reflected in three aspects. First, it can 

still strengthen the coupling relationship between motor 

intention and action result when the patient's active motor 

ability is insufficient. Second, it promotes cortical 

reorganization and synaptic plasticity through repetitive, 

goal-oriented feedback stimulation. Third, it helps to enhance 

the patient's sense of active participation and training 

motivation and improve rehabilitation training compliance. 

Existing research suggests that the key reason MI-BCI is 

superior to simple passive activity training is that it retains 

the neurorehabilitation characteristic of "intention-driven" 

training. [2, 4, 8] 

 

3. Current Status of Clinical Application of MI-BCI in 

Upper Limb Dysfunction After Stroke 

3.1. Application of Joint Robot Feedback 

Robotic feedback is one of the earliest and most common 

output methods of MI-BCI. The robot can guide the patient 

to complete shoulder, elbow, wrist, or hand movements based 

on brain signal recognition, providing clear feedback on the 

movement. The randomized controlled study conducted by 

Ang et al. showed that EEG-based MI-BCI combined with 

MIT-Manus robotic arm training can improve upper-limb 

motor function in patients with chronic stroke, and its 

efficacy is superior to simple control training. Earlier clinical 

studies also suggested that MI-BCI combined with robotic 

feedback is effective and safe in the rehabilitation of upper 

limb function in patients with chronic stroke. [1, 2, 4]  

The advantages of robotic feedback are that the movement 

output is stable and highly repeatable, and that standardized 

training is easy to implement; however, there are also 

problems, such as high equipment costs and complex clinical 

deployment. Recent systematic reviews suggest that the BCI-

robot system has a significant promoting effect on motor 

recovery of hemiplegic upper limbs and may have sustained 

effects, but its gains compared with simple robot treatment 

still need to be further clarified by more high-quality studies. 
[12] 

 

3.2. Application of combined functional electrical 

stimulation 

Functional electrical stimulation (FES) is currently a highly 

promising feedback method in MI-BCI. FES can stimulate 

contraction of corresponding muscle groups upon 

recognizing the patient's motor intention, thereby inducing 

target movements such as wrist dorsiflexion and finger 

extension. It can not only provide clear peripheral feedback 

but also enhance sensory input and facilitate motor 

relearning. A meta-analysis shows that studies using FES as 

a BCI feedback device typically achieve larger effect sizes, 

suggesting that this method may be more beneficial for upper 

limb function recovery. [8]  

A systematic review in 2024 further noted that BCI-FES 

training has a positive effect on upper limb function recovery 

in stroke patients, particularly by promoting motor function 

and improving certain clinical outcomes. However, 

heterogeneity persists across stroke stages, threshold settings, 

and combined treatment regimens. [13] 

 

3.3. Application of combined visual feedback and virtual 

training 

In addition to robots and FES, visual feedback is widely used 

in MI-BCI. The system can present a virtual arm or task 

scenario on the screen, allowing patients to observe the 

completion of the target action when the motor imagery is 

successful, thereby strengthening motor representation. 

Visual feedback devices are relatively simple and low-cost, 

making them more suitable for clinical promotion. Some 

studies have found that visual feedback-based MI-BCI can 

improve upper limb function in stroke patients and can be 

used in multi-center training programs. [7, 11] 

 However, the activation of proprioception by single visual 

feedback is relatively limited. Therefore, more and more 

studies are using multimodal feedback, that is, combining 

visual feedback with robots, FES, or task-oriented training to 

achieve more complete neural activation and functional 

transformation. 

 

4. Future Development Direction 

First, large-sample, multi-center, stratified randomized 

controlled trials should be conducted to clarify the optimal 

indications for MI-BCI across different stroke stages, injury 

severity, and feedback methods. Second, standardizing 

training parameters, evaluation indicators, and treatment 

course settings should be promoted to improve the 

comparability and quality of evidence across studies. Third, 

deep integration of MI-BCI with FES, robotics, virtual 

reality, non-invasive brain stimulation, and task-oriented 

training can be explored to develop individualized, precise 

rehabilitation programs. Fourth, with the development of 
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artificial intelligence algorithms and wearable devices, MI-

BCI is expected to achieve further breakthroughs in signal 

recognition accuracy, real-time performance, and portability, 

thereby increasing its clinical adoption. The above directions 

are generally consistent with recent research trends: on the 

one hand, systematic reviews are increasingly focusing on 

differences across feedback devices and task paradigms; on 

the other hand, recent clinical studies are seeking to improve 

efficacy through more refined feedback matching and neural 

mechanism assessment. [8, 10, 13, 14] 

 

5. Conclusion 

A motor imagery brain-computer interface provides a new 

technical approach for the rehabilitation of upper limb 

dysfunction after stroke. Its core advantage lies in its ability 

to directly drive external feedback using central motor 

intention when the patient's active movement is limited, 

thereby reconstructing the sensorimotor closed loop and 

promoting neuroplasticity. Current evidence generally 

supports the idea that MI-BCI can improve upper limb motor 

function in stroke patients and shows promise for daily living 

abilities and brain function reorganization, especially when 

combined with robots or functional electrical stimulation. 

Nevertheless, current research still suffers from problems 

such as high heterogeneity, insufficient sample size, and low 

standardization. In the future, high-quality clinical research 

and standardized technical pathways are needed to promote 

MI-BCI from a "promising cutting-edge technology" to a 

"routine rehabilitation method that can be promoted". [2, 6, 7, 8, 

13] 
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