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Abstract:

Significance The brain-computer interface (BCI), integrating neuroscience, artificial intelligence, and biomedical engineering, enables direct com-

munication between the brain and external devices by bypassing peripheral nerves and muscle pathways, providing a novel approach to the diagno-

sis, treatment, and functional rehabilitation of neurological disorders. Neurological injuries and neurodegenerative diseases frequently cause motor,

communication, and cognitive dysfunctions and are associated with high incidence, high disability rates, prolonged rehabilitation, and limited ben-
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efits from conventional treatments, imposing a substantial burden on patients, families, and healthcare systems. Conventional therapies depend heav-
ily on peripheral nerve conduction and residual motor function; therefore, effective functional restoration remains extremely difficult for patients
who have completely lost peripheral motor output pathways, such as those with complete spinal cord injury, end-stage amyotrophic lateral sclerosis,
severe post-stroke paralysis, or locked-in syndrome. By establishing a direct communication pathway between the brain and external devices, BCls
overcome the limitations of traditional neurorehabilitation and offer a new paradigm for the treatment of severe neurological diseases.

Progress This review systematically summarizes the classification framework and key enabling technologies of BCls, comprehensively reviews
their major clinical applications, and analyzes the core bottlenecks in technology translation, clinical adaptation, and ethical oversight. In light of
technological trends and the demands of clinical translation, it further discusses future directions, aiming to provide a theoretical reference for the
clinical optimization and standardized application of BCls.

Based on the method of signal acquisition, BCIs can be classified into non-invasive, invasive, and semi-invasive approaches, which differ
significantly in signal quality, safety, and clinical feasibility. Non-invasive BClIs, exemplified by electroencephalography, are simple, safe, and
relatively low cost, making them suitable for broad populations and long-term rehabilitation or daily assisted communication. However, they gen-
erally have low spatial resolution and a poor signal-to-noise ratio because of signal attenuation and scattering by the skull. Invasive BCIs, which
record neural signals using surgically implanted electrodes, can provide high temporal and spatial resolution but carry risks of surgical complica-
tions and signal degradation associated with glial scar formation. Semi-invasive BCls, typically based on electrocorticography, use electrodes
placed within the cranial cavity without penetrating the brain parenchyma, thereby providing a balance between signal quality and invasiveness.
Moreover, emerging intravascular BCI, such as Synchron’s Stentrode system, record neural signals from blood vessels near the motor cortex and
represent a novel approach that seeks to balance minimal invasiveness with signal quality.

In clinical applications, BCIs demonstrate considerable potential for motor rehabilitation. In stroke rehabilitation, motor-imagery-based BCls
combined with functional electrical stimulation or robotic exoskeletons can establish a closed-loop involving cortical activation, peripheral feed-
back, and sensory input, significantly improving upper-limb Fugl-Meyer Assessment scores and activities of daily living. For patients with spinal
cord injury, BCIs can bypass the disrupted spinal cord to convert brain signals into control commands, enabling standing, walking, and grasping
through brain-controlled exoskeletons or brain-spine interfaces. Representative studies have demonstrated sustained walking and home use in pa-
tients with chronic, incomplete cervical spinal cord injury. Invasive intracortical systems have also enabled patients with tetraplegia to control
three-dimensional robotic arms for reaching, grasping, and drinking. In communication disorders, P300 spellers and steady-state visually evoked
potential systems are among the most widely studied non-invasive approaches for assisted communication in patients with amyotrophic lateral
sclerosis and locked-in syndrome. These systems have achieved typing speeds of approximately 6 characters per minute with accuracies exceed-
ing 84% in home-use settings. Fully implanted electrocorticography systems have enabled independent communication in patients with locked-in
syndrome, whereas high-density electrocorticography combined with deep learning has enabled real-time speech decoding at a median speed of
15.2 words per minute. High-performance speech neuroprostheses have achieved rates of up to 62 words per minute with a word error rate of
23.8%. BCls are also being explored for cognitive and psychiatric disorders, including post-stroke cognitive impairment, attention-deficit/hyper-
activity disorder, depression, and disorders of consciousness, primarily through neurofeedback training and closed-loop regulation. In severe neu-
rological diseases, BCI-related technologies have also shown potential for seizure prediction and responsive neurostimulation in epilepsy, closed-
loop adaptive deep brain stimulation for Parkinson’s disease, and the early identification of Alzheimer’s disease biomarkers. In long-term follow-
up, representative closed-loop responsive neurostimulation systems have achieved a median reduction in seizure frequency of 75% at nine years.

Nevertheless, clinical translation still faces several challenges. First, signal stability and individual differences remain major concerns. Elec-
troencephalographic signals are susceptible to ocular, muscular, and environmental electromagnetic artifacts, whereas invasive electrode arrays
suffer from signal attenuation because of glial scar formation, with approximately 85% of channels exhibiting significantly reduced signal quality
three years after implantation. Although adaptive and transfer learning strategies are being developed, they have not fully addressed the complex
non-stationarity encountered in real clinical environments. Second, system integration and adaptation to clinical workflows remain challenging. Cur-
rent systems are limited by insufficient portability, complex operation, long training periods, and limited compatibility with hospital information sys-
tems. The lack of standardized data interfaces for integration with electronic medical records and imaging systems further impedes multidisciplinary
collaboration and long-term efficacy tracking. Third, neural data privacy and ethical concerns are becoming increasingly important. Brain signals can
not only information about physiological states but may also be used to infer aspects of a person’s thoughts, emotions, intentions, and other uncon-
scious psychological processes. Attackers can identify a user’s identity, sex, and age with high accuracy from non-invasive electroencephalographic
signals alone, and the partial reconstruction of language and imagery from neural activity makes the risk of thought theft increasingly realistic. There-
fore, a governance framework covering the entire life cycle of data, models, and applications is urgently needed to protect mental privacy.
Conclusions and Prospects Looking to the future, three directions deserve particular attention. First, artificial intelligence-driven adaptive and per-
sonalized BCI systems represent an important area of development. Deep neural networks, such as convolutional neural networks, recurrent neural
networks, and Transformer models, have been widely applied to extract high-dimensional spatiotemporal features from neural signals, significantly
improving classification accuracy and response speed. Generative artificial intelligence and self-supervised learning are also being explored to re-
duce dependence on labeled data. Future large-model-based approaches, supported by self-supervised pretraining and transfer learning, may learn

more universal feature representations from large amounts of unlabeled neural data, helping to address the limited availability of labeled samples and
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significant individual differences, potentially enabling more generalizable decoders across subjects and tasks. Second, multimodal fusion and closed-
loop neuromodulation integrate functional near-infrared spectroscopy, electromyography, and eye-tracking signals to achieve more comprehensive
and robust decoding of user intentions. Meanwhile, closed-loop systems combining functional electrical stimulation, robotic exoskeletons, and vir-
tual reality can establish an integrated intention-action-perception loop, effectively inducing activity-dependent synaptic plasticity. Third, the estab-
lishment of scientifically rigorous, unified, and internationally compatible standardized clinical trial and regulatory frameworks is a key prerequisite
for the routine clinical application of BCIs. Chinese experts have issued a consensus on the implementation and management of BCI clinical re-
search, proposing multidimensional unified efficacy evaluation indicators and core outcome sets. Internationally, the IEEE neurotechnology stan-
dards initiative has launched working groups to develop unified terminology and performance benchmarks. Real-world effectiveness studies using
multicenter, prospective designs are needed to collect long-term data on functional improvements, user compliance, and adverse events.

In conclusion, BCI is evolving from an auxiliary tool toward a transformative therapeutic platform for neurological diseases. Only through
technological breakthroughs, simplified clinical workflows, standardized evaluation frameworks, and real-world evidence can this emerging tech-
nology truly benefit patients and achieve the transition from laboratory research to routine clinical practice.

Key words: brain-computer interface; clinical zpplication; neural rehabilitation; clinical translation
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