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SUMMARY: Brain-computer interface (BCI) technology establishes a direct communication pathway between
neural activity and external devices. Driven by advances in neuroscience, artificial intelligence (Al), neural signal
acquisition, decoding algorithms, and implantable system design, BCIs have progressed rapidly from experimental
prototypes toward clinically relevant neurotechnologies. However, the translation of these technical advances into
routine clinical practice and equitable real-world access remains substantially slower than technological innovation.
This review summarizes the major technological pathways of BClIs and their clinical applications, and it then examines
BCI development from the perspective of clinical translation and accessibility. We focus on key barriers across
the translational chain, including long-term technical stability, quality of clinical evidence, evaluation standards,
reimbursement mechanisms, health-economic evidence, and the feasibility of implementation in real-world healthcare
settings. We argue that the central challenge in BCI development has shifted from improving technical performance
alone to building the translational infrastructure required for safe, effective, affordable, and sustainable clinical
integration.
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1. Introduction

Brain-computer interface (BCI) technology aims to
establish a direct communication pathway between
the brain and external devices by recording neural
activity, decoding neural states or intentions, and
converting these signals into commands for assistive,
rehabilitative, or therapeutic systems (/). A typical
BCI system includes neural signal acquisition, signal
preprocessing, feature extraction, algorithmic decoding,
command generation, device control, and, in closed-loop
systems, sensory or neural feedback (/,2). Most BCIs
currently in use are non-invasive and rely primarily on
electroencephalography (EEG). Implantable electrode
systems, including electrocorticographic and intracortical
interfaces, provide higher-fidelity neural signals and
have particular relevance for patients with severe motor,
sensory, or communication impairments (3,4).

Recent advances in neuroscience, Al, flexible
electronics, and computing hardware have transformed
BCI signal processing, system miniaturization, and
decoding performance (5,6). Deep learning and
generative Al have expanded the scope of BCI research
beyond simple motor-intention decoding toward the

reconstruction of speech, handwriting, and other
high-order cognitive or communicative processes
(7). At the same time, improved non-invasive and
wearable systems, including EEG-functional near-
infrared spectroscopy (fNIRS) hybrid platforms, are
being developed to partly address the signal-to-noise
ratio, spatial-resolution, and robustness limitations of
conventional EEG-based BClIs (8,9). Clinically, BCIs
exhibit substantial potential in stroke rehabilitation,
spinal cord injury, Parkinson's disease, epilepsy,
disorders of consciousness, and other neurological
conditions, and particularly in communication
restoration, motor control, functional rehabilitation, and
closed-loop neuromodulation (10,11).

In China, a notable milestone in BCI clinical
translation was reported on March 13, 2026, when the
National Medical Products Administration approved
an implantable BCI medical device, the Implantable
BCI Hand Motor Function Compensation System, for
tetraplegia caused by cervical spinal cord injury. The
system supports hand grasping through a pneumatic
glove and was subsequently incorporated into Shanghai's
medical service catalogue by the Shanghai Healthcare
Security Administration through an expedited process
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aligned with national BCI coding guidance (/2). This
case provides a useful policy and payment example
for examining how BCI technologies may move from
regulatory approval toward reimbursable clinical
services.

Internationally, China has identified BCI as a future-
industry priority, and coordinated policy, industrial,
and clinical drivers are accelerating development.
The United States and the European Union have also
incorporated neurotechnology and BCl-related research
into their strategic science and technology agendas.
Despite increasing research output and investment,
BCI translation continues to face multiple bottlenecks
(13). Technical challenges include limited long-term
signal stability, degradation at the electrode-tissue
interface, signal non-stationarity, and low signal-to-
noise ratio, all of which limit reliability in real-world use
(14,15). Standardized clinical assessment metrics and
reproducible multicenter protocols remain insufficient,
limiting cross-study comparison and scalable validation
(13,16). Regulatory and market-access pathways are
also incompletely defined, and harmonized standards
for BCI products have not yet been established across
jurisdictions (/7).

Contemporary BCI research is characterized by
convergence across neural engineering, machine learning,
materials science, clinical medicine, rehabilitation, ethics,
regulation, and health economics (/8). Although many
reviews have addressed BCI signal processing, neural
interfaces, and hardware development (/9), fewer have
examined the full clinical translation chain from research
and development to regulatory approval, reimbursement,
health technology assessment (HTA), and real-world
implementation. This gap is important because promising
technical performance does not automatically translate into
sustainable clinical value. This review therefore adopts
a clinical translation and accessibility perspective. Using
recent Chinese regulatory and payment developments
as an illustrative framework, we summarize major
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BCI technology pathways, global research landscapes,
clinical applications, and translational bottlenecks. We
then identify priorities for evaluation, reimbursement,
policy design, and healthcare-system integration that
may help accelerate responsible clinical implementation
and improve access to neurorehabilitation and assistive
neurotechnology.

2. Technology pathways and current translation
stages of BCIs

2.1. Major technology pathways

The term BCI was introduced by Jacques Vidal in
the 1970s to describe computer systems capable of
extracting information from brain activity and using it for
external communication or control (20). A typical BCI
consists of six core modules: neural signal acquisition,
signal preprocessing, feature extraction, algorithmic
decoding, output control, and sensory or neural feedback.
The acquisition module captures neural activity through
electrodes or other sensors; preprocessing amplifies low-
amplitude signals and reduces noise; feature extraction
identifies biologically relevant neural signatures;
decoding algorithms translate these signatures into
interpretable intentions or states; output modules drive
external devices such as robotic arms, wheelchairs,
computers, or functional electrical stimulation systems;
and feedback modules support closed-loop adaptation
by delivering sensory, electrical, or other forms of
stimulation (21,22) (Figure 1).

Depending to the mode and anatomical level of
signal acquisition, BCIs can be broadly divided into five
major pathways: non-invasive BCI, electrocorticography
(ECoG)-based BCI, intracortical BCI (iBCI),
endovascular BCI (EBCI), and neuromodulation-based
BCI (23,24). These categories differ in invasiveness,
signal fidelity, clinical risk, achievable bandwidth, and
translational maturity.

Deconding and
Algorithm

Control Signal

\ Closed-loop —j

External Control Device

Figure 1. Schematic example of a typical BCI system. Neural signals are processed through preprocessing, feature extraction, and decoding to
generate control commands for an external device. Feedback from the device forms a closed-loop system, enabling real-time interaction and control

in BCI applications. Abbreviation: BCI, brain-computer interface.
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2.1.1. Non-invasive BCI

Non-invasive BCIs are the most mature and widely
deployed modality. They typically acquire EEG signals
from scalp electrodes and may incorporate complementary
modalities such as fNIRS or magnetoencephalography.
Wet, dry, and hydrogel electrodes offer different trade-offs
among signal quality, comfort, preparation time, and long-
term wearability. Non-invasive BCIs are safe, relatively
low-cost, scalable, and suitable for rehabilitation training,
assistive communication, home monitoring, and consumer
human-computer interaction. However, neural signals are
attenuated by the scalp and skull and are vulnerable to
motion artifacts, environmental noise, and inter-individual
variability. As a result, non-invasive BCls generally have
limited spatial resolution, reduced localization precision,
and lower decoding accuracy and stability than implanted
interfaces (25,26). Improvements therefore depend
on optimized experimental paradigms, robust signal
processing, adaptive algorithms, and hybrid designs.
EEG-fNIRS systems are an important strategy because
they combine the high temporal resolution of EEG with
hemodynamic information that can improve spatial and
physiological interpretation (27).

2.1.2. ECoG BCI

ECoG BClIs use epidural or subdural electrodes placed
close to cortical neural sources, often in the form of
flexible cortical surface arrays. Compared to scalp EEG,
ECoG provides higher spatial resolution, stronger signal-
to-noise ratio, and better localization while retaining
millisecond-level temporal resolution. It has clear utility
in motor decoding, speech reconstruction, and epileptic
focus localization (28). Recent high-density ECoG
systems have enabled long-term spelling and speech
neuroprostheses, indicating the feasibility of continuous
high-performance communication. Nevertheless, ECoG
requires cranial surgery and carries non-negligible risks,
including bleeding, infection, tissue reaction, and device-
related complications. Long-term performance may also
be affected by signal decay, electrode aging, hardware
failure, or the need for revision surgery (26,29).

2.1.3.1BCI

Intracortical BCIs use microelectrode arrays to record
single-unit, multi-unit, or local field potential activity
directly from the cortex. Among current BCI modalities,
iBClIs offer the highest spatial resolution, signal fidelity,
and information bandwidth, enabling precise real-
time decoding for robotic arm control, cursor control,
handwriting and typing, speech restoration, and fine
motor reconstruction. Their major advantage is access to
neural activity at the single-neuron or local microcircuit
level, which facilitates high-dimensional decoding
of motor and communicative intentions. Landmark

studies have demonstrated high-performance speech and
handwriting decoding in people with severe paralysis
or amyotrophic lateral sclerosis (ALS), underscoring
the unique value of iBCIs for high-bandwidth
neuroprosthetics (30,31). However, iBCIs require
highly invasive implantation, are vulnerable to foreign-
body reactions and glial scarring, and generally sample
localized cortical populations rather than distributed
whole-brain activity. These limitations present challenges
in terms of long-term stability, device maintenance, and
broad clinical adoption (32).

2.1.4. EBCI

Endovascular BClIs record neural signals through stent-
mounted electrode arrays deployed within cerebral blood
vessels. This approach avoids conventional open-cranial
implantation and therefore offers a less invasive route
to implanted neural recording, while maintaining closer
proximity to cortical sources than scalp EEG (33). Early
clinical studies have suggested that endovascular BCIs
can be implanted safely in selected patients with severe
paralysis and can support digital control tasks such as
texting, emailing, online shopping, and communication
of care needs (34). However, EBCI remains in an early
stage of clinical development. Wider translation will
require stronger evidence on anatomical suitability,
thrombotic and vascular complications, implant stability,
long-term biocompatibility, signal quality, and long-term
usability in daily environments (35).

2.1.5. Neuromodulation-based BCI

Neuromodulation-based BCIs integrate neural
recording, state decoding, and stimulation into closed-
loop systems. These systems detect neural states in
real time and deliver adaptive stimulation through
approaches such as closed-loop deep brain stimulation
(DBS), responsive neurostimulation (RNS), BCI-
functional electrical stimulation (BCI-FES), and
EEG- or transcranial magnetic stimulation-based
closed-loop frameworks. Compared to conventional
assistive BClIs that focus primarily on external device
control, neuromodulation-based BCIs aim to identify
pathological or functional brain states and intervene
dynamically. They have substantial potential in epilepsy,
Parkinson's disease, stroke rehabilitation, chronic pain,
disorders of consciousness, and functional restoration
(36,37). Guozhen Liu's team has developed flexible,
implantable electrochemical sensors capable of high-
sensitivity, long-term monitoring of multiple cytokines
and neurotransmitters in the brain. Validation in animal
models has demonstrated the utility of this technology
in tracking Parkinson's disease and neuropathic
pain, offering a novel tool to aid in the diagnosis and
management of neurological disorders (38,39). The
conceptual boundary between BCI and neuromodulation

(289)



BioScience Trends. 2026, 20(3):287-300.

www.biosciencetrends.com

remains a subject of debate. Narrow definitions restrict
BCIs to direct central nervous system signal acquisition
for external device control, whereas broader definitions
include closed-loop systems that decode neural activity
to guide therapeutic stimulation. In this review, DBS,
RNS, and related technologies are discussed within
this broader BCI-related framework when they include
record-decode-stimulate closed-loop functions.

2.2. From technology to the clinic: Translation stages and
key transitions in BCI development

BCI development is moving from a primarily technology-
driven phase toward a clinically and regulatorily oriented
phase. Non-invasive BCIs have been commercialized
to an extent and are increasingly used in rehabilitation
and consumer settings, although their clinical value still
depends on standardization, outcome evidence, and
reimbursement integration. ECoG and iBCls represent
high-performance implantable pathways with clear
advantages in motor decoding, speech restoration, and
neuroprosthetic control, but they remain concentrated
in specialized clinical trials and selected patient
populations. Their broader clinical adoption is limited
by invasiveness, long-term signal stability, postoperative
management, their maintenance burden, and the
reproducibility of outcomes across centers. EBCI offers
a less invasive route of implantation, but it remains
largely in the proof-of-concept and early feasibility
stages. Neuromodulation-based BCIs are more mature
for selected indications, and especially epilepsy and
Parkinson's disease, but dissemination of adaptive closed-
loop systems still depends on algorithm optimization,
evidence of their long-term benefit, regulatory clarity,
and reimbursement pathways.

Overall, non-invasive BClIs are closest to scalable
clinical implementation, and particularly in rehabilitation
and home-based training. ECoG and iBClIs provide
higher performance but require more demanding
surgical, ethical, and maintenance infrastructures.
Endovascular systems are promising but still require
longitudinal safety and effectiveness evidence. Closed-
loop neuromodulation has already entered into clinical
use in certain disease contexts, but its classification as
BCI depends on the degree to which it incorporates
neural decoding and adaptive control. Overall, the
clinical translation of BCIs depends not only on their
decoding performance but also on their safety, sustained
reliability, usability, training burden, clinical workflow
compatibility, patient selection, cost, and reimbursement
(Table 1).

To indicate the logical transition from technology
to clinical use, this review uses a technology-clinical-
translation framework (Figure 2). Different BCI
pathways occupy distinct positions along this continuum:
non-invasive BCIs are in preliminary clinical use in
rehabilitation and assistive communication; semi-

invasive and minimally invasive systems are mostly used
in early or exploratory clinical trials; and highly invasive
BClIs are concentrated in carefully selected populations
and specialized centers. These differences show that the
clinical prospects of BCIs depend not only on signal
fidelity or decoding accuracy but also on safety, long-
term stability, operational complexity, patient adherence,
and compatibility with existing healthcare systems.

3. Major areas of application and progress made by
BClIs

3.1. Motor function restoration

BCIs are widely examined in neurorchabilitation
after stroke, and especially for improving upper-limb
motor function. A multicenter, randomized, open-
label, controlled trial conducted across 17 centers
in China showed that patients with ischemic stroke
receiving BCI-based rehabilitation had significantly
greater improvement in upper-limb Fugl-Meyer scores
at one month than those undergoing conventional
rehabilitation (39). Another randomized study suggested
that combining BCI with functional electrical stimulation
could improve post-stroke motor outcomes (40). A
systematic review has further indicated that EEG-
based neurofeedback can support motor recovery, with
therapeutic benefit influenced by training intensity,
feedback quality, and patient engagement (47). Motor-
imagery BCIs combined with advanced signal processing
can also detect functional changes before and after
rehabilitation, providing both therapeutic and assessment
value (42). BCIs may also restore communication and
environmental control for patients with severe paralysis
caused by spinal cord injury. In a first-in-human study,
an endovascular BCI was implanted through the internal
jugular venous route in four patients with severe bilateral
upper-limb paralysis. During 12 months of follow-up,
the system remained safe and stable, and participants
were able to control a computer using thought-driven
commands, indicating the feasibility of this less
invasive approach to implantation (33). In addition,
transcutaneous cervical spinal cord stimulation has been
reported to enhance sensorimotor rhythms and accelerate
BCI skill acquisition in people with spinal cord injury,
suggesting a possible role for combined neuromodulation
and BCI training in motor rehabilitation (43).

3.2. Communication restoration

BCIs provide a potential communication pathway for
patients with severe speech or motor impairment caused
by neurological injury or degenerative disease. Direct
decoding of neural activity into text, speech, or speech-
related articulatory representations has become a major
clinical frontier, with rapid advances in both discrete and
continuous speech decoding (44). For tonal languages,
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Figure 2. Framework for the clinical translation pathway of BCI. This pathway illustrates the progression of BCIs from fundamental technology
development, clinical validation, regulatory approval, and health technology assessment, to real-world implementation and clinical accessibility.
It emphasizes a closed-loop iterative system driven by real-world data to continuously optimize translation outcomes. Abbreviation: Al, artificial
intelligence; ALS, amyotrophic lateral sclerosis; BCI, brain—computer interface; ECoG, electrocorticography; HTA, health technology assessment;
iBCI, intracortical brain—-computer interface; ICER, incremental cost-effectiveness ratio; PRO, patient-reported outcome; QALY, quality-adjusted life
year; QoL, quality of life; RCT, randomized controlled trial; RWD, real-world data.

hybrid EEG-EMG BCls have shown promise in decoding
neural and muscular representations during silent and
audible speech. Studies of Mandarin tone decoding have
reported classification accuracies ranging from 71.22
to 91.00%, suggesting that language-specific features
should be considered when developing communication
BClIs for diverse patient populations (45).

3.3. Neuromodulation-related functional restoration

Closed-loop BCI-related neuromodulation is
reshaping therapeutic strategies for neurological and
neuropsychiatric disorders. In epilepsy, responsive and
closed-loop systems can detect pathological activity and
deliver stimulation when needed. A preclinical study
in epileptic rats developed a non-invasive closed-loop
acoustic BCI that showed antiepileptic efficacy superior
to conventional vagus nerve stimulation, with effects
eliminated by vagal pathway disruption, indicating the
importance of mechanism-guided closed-loop design
(46). In Parkinson's disease, BCI-related approaches
aim to restore impaired motor or cognitive function by
decoding cortical or subcortical activity and translating it
into adaptive stimulation or corrective commands (47). In
psychiatry, sensing-enabled DBS and related closed-loop
neuromodulation technologies are advancing circuit-
based treatment concepts. For refractory obsessive-
compulsive disorder (OCD), long-term intracranial
monitoring using sensing-enabled DBS has identified
biomarkers associated with clinical states and treatment
response, which may guide adaptive stimulation (48).

Connectivity-guided targeting may further improve
therapeutic precision in OCD and related disorders (49).
For post-traumatic stress disorder and other conditions
involving emotional dysregulation, DBS-related studies
have focused on cortico-striato-thalamo-cortical circuits
and transdiagnostic network targets (50,51). Although
these approaches are not always classified as BCIs in a
narrow sense, they are highly relevant to the broader BCI
framework when neural signals are recorded, decoded,
and used to guide closed-loop intervention.

BCl-related technologies are also being explored
in disorders of consciousness, sensory dysfunction,
cognitive impairment, neurodegenerative disease, sleep
disorders, anesthesia monitoring, brain resuscitation,
and affective-state recognition (33). In subacute stroke,
for example, single-channel EEG-BCI systems have
been used to classify selective tactile attention online,
assist sensory training, and assess changes in cortical
excitability (44). These applications illustrate a broader
shift from device control alone toward neural-state
monitoring, rehabilitation guidance, and adaptive therapy

(Figure 3).

4. Research translation and clinical evaluation of
BClIs

4.1. Research landscape and translation
BCI has become a strategic priority for several major

economies, accompanied by increasing scientific output,
industrial investment, and policy attention (52). China,
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Figure 3. Main disease areas and clinical application processes for BCI-based intervention. Application scenario symbols guide related results
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the United States, the European Union, Japan, and South
Korea are among the major contributors, although their
development models and technical strengths differ.

China has a strong capacity in non-invasive BCI
research and translation, supported by vast clinical
resources, extensive EEG datasets, and a rapidly
developing industrial ecosystem (53). National
initiatives, including the China Brain Project and future-
industry strategies, have elevated BCI to a priority
frontier technology (35). China has also conducted
prospective clinical testing of invasive BCIs (54) and
is developing domestic industrial chains spanning
chips, electrodes, algorithms, devices, and system
integration (55). Rehabilitation medicine has been a
major field of application, enabling the relatively rapid
commercialization of non-invasive BCI systems and the
accelerated development of implantable devices (56).
The approval of an implantable BCI Class III medical
device in 2026 represents an important translational
milestone within this context (57).

The United States leads in many invasive BCI
technologies, including high-channel-count neural
acquisition, flexible electrodes, wireless implantable
devices, and human neuroprosthetic trials (58). Its
development model is powerfully driven by academic

innovation, private capital, start-up companies, and close
collaboration among engineering, industry, and clinical
centers (22). The European Union (EU) has contributed
substantially to neural coding, biocompatible materials,
closed-loop neuromodulation, and hybrid brain-silicon
systems designed to restore network connectivity in
neurological disease (59). The EU also places a strong
emphasis on ethical, privacy, and safety governance,
with regulatory frameworks such as the Al Act and the
General Data Protection Regulation shaping neurodata
governance and patient protection (60). Large-scale
infrastructures, including the Human Brain Project,
have supported multicenter collaboration and public-
interest translation (6/,62), although commercialization
has generally proceeded more slowly than in the United
States (63).

Japan has integrated basic neuroscience with
clinical rehabilitation, emphasizing neuroplasticity,
neural decoding, and post-stroke recovery. The Hybrid
Assistive Limb (HAL) in Japan has completed multiple
phase III clinical trials. Randomized controlled studies
in patients with neuromuscular disorders and spinal
cord lesions demonstrated that HAL significantly
improves walking distance and speed, alleviates limb
spasticity, and enhances activities of daily living. Similar

(293)



BioScience Trends. 2026, 20(3):287-300. www.biosciencetrends.com

positive rehabilitation outcomes were observed in stroke
populations. The overall incidence of adverse events was
below 5%, and those events were predominantly mild
localized muscle soreness and minor skin discomfort,
with no serious safety events reported. Long-term
application appears safe and reliable. HAL is currently
commercially available in Japan and covered by national
health insurance (64-66). A study from a Japanese group
has shown that BCI training combined with hybrid
assistive neuromuscular stimulation can improve upper-
limb function in severe post-stroke hemiplegia through
induced neuroplasticity (67). A systematic review
corroborates the role of EEG neurofeedback and motor-
imagery paradigms in promoting cortical reorganization
(68), while basic research has identified overlapping
neural correlates of real and imagined movements
that may contribute to BCI performance (69). South
Korea has incorporated brain-machine interaction and
digital therapeutics into its national biotechnology
strategies, with investment in BCI, digital bioinnovation,
neurotechnology ethics, and standardization (70-73)
(Table 2).

Technical focus
Invasive BCI; neuroprosthetics; speech and

motor decoding; medical applications
Non-invasive and hybrid systems; brain

modeling; closed-loop neuromodulation
Neural repair; motor rehabilitation; disease

mechanisms
Brain-computer interaction; brain-function

rehabilitation systems; medical translation
visualization; digital therapeutics

Minimally invasive BCI; non-invasive

4.2. Clinical evaluation

Representative institutions
Tianjin University; Tsinghua University;

clinical rehabilitation centers
Federal Polytechnic School of Lausanne;

and other neurotechnology companies
University and industry consortia

University

Clinical evaluation of BCIs remains dominated by
technical performance metrics, whereas frameworks
centered on patient benefit, quality of life, functional
independence, and long-term clinical value remain
underdeveloped. Many studies use decoding accuracy,
information transfer rate, task completion, or device-
control performance as primary endpoints but report
limited data on quality of life, the caregiver burden,
long-term functional improvement, or sustained use
in home settings. A systematic review of implantable
BClIs found that only 17.9% of studies reported clinical
outcomes, with technical metrics predominating (74).
This imbalance is a major barrier to regulatory decision-
making, payer evaluation, and routine clinical adoption.
As BClIs enter a more clinically oriented stage,
evaluation should go beyond engineering metrics to
include health-economic dimensions such as quality-
adjusted life-years (QALYs), incremental cost-
effectiveness ratios (ICERs), and budget impact. Related
neuromodulation technologies provide useful precedents.
A Japanese health-economic study of DBS for
Parkinson's disease estimated that DBS could generate
an additional 3.2 QALYs compared to conventional
treatment and could be cost-effective under certain
assumptions (75). Similarly, a cost-effectiveness analysis
of responsive neurostimulation for drug-resistant focal
epilepsy suggested that such systems may achieve
acceptable ICERs compared to medication alone (76).
Although these technologies are not identical to BCls,
they offer relevant methodological models for evaluating
high-cost, implantable, and long-term neurotechnologies.
Patient adherence, the training burden, usability, and

Core strengths
Integration of BCI with digital therapeutics and KAIST and national research institutes

Basic neuroscience; ethical and regulatory governance;
bioinnovation policy

commercialization capacity; extensive human trials
international collaboration

industry-academia-clinical collaboration

translation

Strategic programs
Long-term brain science and rehabilitation Neuroplasticity research; rehabilitation-oriented University of Tokyo; Kyoto University; Keio

BRAIN Initiative and related neurotechnology High-performance invasive interfaces; strong Stanford University; BrainGate; Neuralink
research programs

Sci-Tech Innovation 2030 - Brain Science and  Vast clinical resources; non-invasive BCI deployment;

Brain-inspired Intelligence; future-industry

policies
Human Brain Project; neurotechnology and Al

governance frameworks
Digital Bio Innovation Strategy

programs

Abbreviations: Al, artificial intelligence; BCI, brain-computer interface; KAIST, Korea advanced institute of science and technology.

Table 2. Global landscape of BCI research in selected countries and regions

Country/region
United States
European Union
South Korea

China
Japan
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technological appropriateness should also be treated
as core dimensions for evaluation. Evidence from
a systematic review suggests that, although BCI
performance may now exceed some patients' minimum
expectations, prolonged training, daily-use complexity,
equipment maintenance, and caregiver support
requirements remain major obstacles to its sustained
adoption (77). Clinical evaluation should therefore assess
not only whether a BCI works in a controlled setting but
also whether patients can learn, tolerate, maintain, and
benefit from it in daily life.

5. Challenges in clinical translation and application

BCI translation faces several interconnected bottlenecks.
Technical limitations include insufficient long-term
stability, degradation at the electrode-tissue interface,
signal non-stationarity, and a low signal-to-noise ratio,
all of which constrain real-world reliability and practical
utility (78,79). In parallel, the absence of standardized
clinical outcome measures and reproducible multicenter
protocols makes results difficult to compare, validate,
and scale (/3,80). Economic evidence, reimbursement
mechanisms, regulatory pathways, and market-
access models remain incompletely defined, while
internationally harmonized standards for BCI products
are still lacking (87).

5.1. Long-term technical safety and stability remain
insufficiently validated

At the hardware level, conventional rigid electrodes can
trigger foreign-body responses, causing tissue injury,
glial scarring, signal attenuation, and an eventual decline
in performance. Flexible electrodes, hydrogels, and
biomimetic neural probes have improved mechanical
matching and biocompatibility, but many remain
insufficiently validated in sustained functional settings.
Non-invasive EEG is safer but suffers from a low signal-
to-noise ratio, artifact contamination, and limited spatial
resolution; denoising algorithms can reduce but not fully
eliminate these problems. Inter-individual variability
further reduces robustness across users, sessions, and
clinical settings (82). At the algorithmic level, Al and
transfer learning have improved decoding accuracy but
have not fully solved the problem of generalizability
across individuals, devices, disease states, and real-
world conditions (83). Long-term training and adjunctive
neuromodulation may enhance neuroplasticity and
improve device control, and closed-loop control has
begun to show practical value in both therapeutic and
assistive contexts. Nevertheless, large-scale, long-term
controlled trials remain limited, and particularly in
severely affected populations and home-based settings
(84). Overall, non-invasive BClIs still face limitations
in decoding accuracy and stability; iBCIs remain
constrained by invasiveness and long-term device

performance; and EBCIs require additional validation
of long-term safety, signal stability, and vascular
biocompatibility. Broader implementation will require
progress in long-term stability, user adaptability, device
reliability, and clinical standardization.

5.2. Monitoring systems for the effects of BCIs remain
inadequate

Most BCI studies emphasize classification accuracy, hit
rate, task performance, cortical activation, or functional
connectivity but lack unified and clinically meaningful
outcome measures that capture real patient benefit
(52,85,806). A systematic review of 112 implantable
BCI studies reported that only 17.9% assessed clinical
outcomes, and the methods used to evaluate outcomes
were highly heterogeneous (74). Standardized tools
for monitoring long-term effectiveness, tolerability,
quality of life, caregiver burden, and sustained use
are also lacking (87). In patients with end-stage
neurodegenerative diseases such as ALS, BCIs may
support communication and daily assistance, but robust
frameworks for quantifying their effects on quality of
survival, autonomy, and the caregiver burden remain
limited (88). Real-world evidence is fragmented because
centers often differ in electrode layouts, sampling
rates, preprocessing pipelines, experimental paradigms,
methods of annotation, and outcome definitions.
This heterogeneity limits cross-center comparison,
compilation of evidence from multiple centers, and
external validation. The lack of post-marketing real-
world data and standardized follow-up frameworks
further impedes the systematic assessment of BCIs'
long-term effectiveness, safety, adherence, maintenance
burden, and reasons for discontinued use in routine
clinical and home settings (89).

5.3. Technical evaluation standards for algorithms and
training protocols are not yet unified

Clinical translation is also hindered by the lack of
standardized technical evaluation protocols. Studies
differ substantially in paradigms, devices, algorithms,
patient populations, calibration methods, feedback
modalities, and training programs, making horizontal
comparison difficult (90). Advanced algorithms,
including Ensemble RCSSP (97), McRFS-IBiRNN
(92), and OADANN (92), may achieve a high level of
accuracy on specific datasets, but their generalizability
in multicenter and real-world settings remains
insufficiently demonstrated. In addition, user learning
effects (2), differences in neuroplastic potential, fatigue,
motivation, cognitive capacity, and the phenomenon
often described as BCI illiteracy further complicate
evaluation (93,94). Standardized benchmark datasets,
reporting guidelines, patient-stratification criteria,
and clinically meaningful performance thresholds are

(295)



BioScience Trends. 2026, 20(3):287-300.

www.biosciencetrends.com

needed to determine whether algorithmic improvements
translate into practical benefit.

5.4. Costs are high and health-economic evidence
remains insufficient

EEG-based non-invasive BCls are often considered the
most feasible route for near-term clinical translation
because they are relatively low-cost, non-invasive,
and easier to deploy than implanted systems (95).
However, the overall costs of development, deployment,
maintenance, training, and service delivery remain
substantial (96). High-performance wearable EEG
devices, real-time signal-processing hardware, Al-
driven decoding engines, and integration with functional
electrical stimulation, robotic systems, or remote
monitoring platforms all require complex hardware-
software co-design. Implantable BClIs provide higher
signal quality but involve much higher costs for surgery,
long-term device management, maintenance, and
treatment of complications, all of which constrain their
broad adoption (97). Even when novel bioelectronic
materials such as conductive hydrogel electrodes
improve biocompatibility and mechanical matching,
clinical-grade manufacturing, quality control,
sterilization, and regulatory testing remain costly
(98). Overall, rigorous health-economic evidence for
BClIs remains sparse, limiting payer confidence and
reimbursement decisions.

5.5. Established reimbursement pathways are still lacking

Globally, clear and widely established reimbursement
pathways for BCI technologies remain limited. Many
BCI systems are still in the research or early clinical
testing stage and have not been incorporated into routine
fee schedules. Existing payment items often cover basic
procedures or adaptation services but may not include
essential costs such as device consumables, long-term
maintenance, software updates, rehabilitation training,
or home-use support. Payment standards vary across
jurisdictions and lack harmonization (99). Current
payment models remain largely fee-for-service and
rarely incorporate value-based approaches that link
reimbursement to functional outcomes, quality of
life, or long-term cost offsets. Because high-quality
evidence of their clinical value remains limited,
the relationship between outcomes and charges is
weak, yielding insufficient evidence for pricing and
reimbursement adjustment (/00). Although several
randomized controlled trials have shown that BCI-based
rehabilitation can improve upper-limb motor function
after stroke (/01,102), these interventions have not yet
been widely recognized by payers as standard treatment.
The absence of payment mechanisms places substantial
financial burdens on facilities and patients and directly
limits real-world implementation.

6. Future perspectives

6.1. Accelerating the technological transition toward
clinical application

BCI is undergoing a critical transition from laboratory
research to real-world clinical application. This transition
requires coordinated progress in technological innovation,
clinical evidence, health economics, ethics, regulation,
and reimbursement. Technologically, flexible electronics
may improve their biocompatibility, mechanical
matching, and long-term signal stability; deep learning,
generative Al, and transfer learning may improve their
decoding accuracy, robustness, and cross-individual
generalization; and multimodal integration, closed-loop
control, and adaptive design may expand their functional
scope. Clinically, BCIs show great promise in stroke
rehabilitation, communication support for ALS and severe
paralysis, epilepsy interventions, and care for Parkinson's
disease. Randomized trials substantiate the possibility
of improving upper-limb function and activities of daily
living, and particularly when a BCI is combined with
functional electrical stimulation or robotic assistance.
However, clinical research remains constrained by
heterogeneous outcomes, insufficient long-term
evidence, non-standardized protocols, and immature
evaluation systems. Unified assessment frameworks and
high-quality multicenter trials are urgently needed.

6.2. Improving HTA and reimbursement design to
overcome implementation barriers

Scalable BCI implementation depends not only on
technical maturity but also on HTA, reimbursement
policies, ethical governance, and healthcare-system
integration. Evidence on their cost-effectiveness, budget
impact, payment design, and resource allocation remains
insufficient. Ethical and legal questions also remain
unresolved, including patient autonomy, informed
consent, neurodata privacy, cybersecurity, algorithmic
transparency, and risks associated with long-term
neural interventions. Interdisciplinary collaboration
among engineers, clinicians, rehabilitation specialists,
health economists, ethicists, regulators, payers, and
patient communities is necessary to develop evidence-
based policies and transparent regulatory frameworks.
Future BCI development should integrate neuroscience,
Al, flexible electronics, clinical medicine, and
implementation science to optimize hardware-software
co-design, closed-loop personalized interventions, real-
world robustness, and equitable access.

6.3. Aligning BCI development with clinical needs and
accessible care

The next phase of BCI development should redefine
their clinical goals, system architecture, and translational
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logic. The field is likely to move beyond focal motor
restoration toward brain-network state recognition,
adaptive regulation, and precision neurorehabilitation.
These advances may facilitate closed-loop interventions
for epilepsy, Parkinson's disease, disorders of
consciousness, psychiatric disorders, chronic pain, and
other complex neurological conditions. Clinical BCI
delivery will also evolve from standalone devices into
integrated care systems that combine signal acquisition,
intelligent decoding, closed-loop feedback, rehabilitation
training, remote monitoring, device maintenance, and
long-term follow-up. This systems-level model is
essential for improving their real-world feasibility and
sustained benefit.

The central mission of BCI development is therefore
no longer simply to increase decoding speed, channel
count, or spatial resolution. Rather, the goal is to match
each technological pathway to appropriate clinical
scenarios, patient populations, healthcare workflows,
and payment models. High-quality BCI research must
integrate technical optimization with evidence of their
economic value, real-world effectiveness, patient
adherence, usability, long-term safety, and ethical
governance. Only through this integrated translational
framework can BCIs move from impressive engineering
achievements to accessible, affordable, and sustainable
clinical neurotechnologies.

Funding: None.

Conflict of Interest. The authors have no conflicts of
interest to disclose.

References

1. Brannigan JFM, Fry A, Opie NL, Campbell BCV, Mitchell
PJ, Oxley TJ. Endovascular brain-computer interfaces in
poststroke paralysis. Stroke. 2024; 55:474-483.

2. Tortora S, Beraldo G, Bettella F, Formaggio E, Rubega M,
Del Felice A, Masiero S, Carli R, Petrone N, Menegatti
E, Tonin L. Neural correlates of user learning during
long-term BCI training for the Cybathlon competition. J
Neuroeng Rehabil. 2022; 19:69.

3. Gao X, Wang Y, Chen X, Gao S. Interface, interaction,
and intelligence in generalized brain-computer interfaces.
Trends Cogn Sci. 2021; 25:671-684.

4. LilJ, Zhang W, Liao Y, Qiu Y, Zhu Y, Zhang X, Wang C.
Neural decoding reliability: Breakthroughs and potential
of brain-computer interfaces technologies in the treatment
of neurological diseases. Phys Life Rev. 2025; 55:1-40.

5. Chaudhary U, Chander BS, Ohry A, Jaramillo-Gonzalez
A, Lulé D, Birbaumer N. Brain computer interfaces for
assisted communication in paralysis and quality of life. Int
J Neural Syst. 2021; 31:2130003.

6. Barnova K, Mikolasova M, Kahankova RV, Jaros R,
Kawala-Sterniuk A, Snasel V, Mirjalili S, Pelc M,
Martinek R. Implementation of artificial intelligence
and machine learning-based methods in brain-computer
interaction. Comput Biol Med. 2023; 163:107135.

7. Chen ZS, Li X. Emerging brain-to-content technologies

11.

12.

13.

14.

15.

16.

18.

20.

21.

22.

23.

(297)

from generative Al and deep representation learning. IEEE
Signal Process Mag. 2024; 41:94-104.

Zou J, Chen H, Chen X, Lin Z, Yang Q, Tie C, Wang H,
Niu L, Guo Y, Zheng H. Noninvasive closed-loop acoustic
brain-computer interface for seizure control. Theranostics.
2024; 14:5965-5981.

Chai C, Yang X, Zheng Y, Bin Heyat MB, Li Y,
Yang D, Chen YH, Sawan M. Multimodal fusion
of magnetoencephalography and photoacoustic
imaging based on optical pump: Trends for wearable
and noninvasive brain-computer interface. Biosens
Bioelectron. 2025; 278:117321.

Zhang H, Jiao L, Yang S, Li H, Jiang X, Feng J, Zou S,
Xu Q, Gu J, Wang X, Wei B. Brain-computer interfaces:
The innovative key to unlocking neurological conditions.
Int J Surg. 2024; 110:5738-5762.

Ma YN, Karako K, Song P, Hu X, Xia Y. Integrative
neurorchabilitation using brain-computer interface: From
motor function to mental health after stroke. Biosci
Trends. 2025; 19:243-251.

National Healthcare Security Administration. NHSA's
coding fully empowers! The world's first innovative
brain-computer interface product obtains medical
insurance coding. https.//www.nhsa.gov.cn/art/2026/3/22/
art 14 _19989.html (accessed March 30, 2026). (in
Chinese)

Wang J, Wang T, Liu H, Wang K, Moses K, Feng Z, Li P,
Huang W. Flexible electrodes for brain-computer interface
system. Adv Mater. 2023; €2211012.

Bjanes DA, Kellis S, Nickl R, et al. Quantifying physical
degradation alongside recording and stimulation
performance of 980 intracortical microelectrodes
chronically implanted in three humans for 956-2130 days.
Acta Biomater. 2025; 198:188-206.

Lv R, Chang W, Yan G, Nie W, Zheng L, Guo B, Sadiq
MT. A novel recognition and classification approach for
motor imagery based on spatio-temporal features. IEEE J
Biomed Health Inform. 2024; 29:210-223.
Fumanal-Idocin J, Wang YK, Lin CT, Fernandez J, Sanz
JA, Bustince H. Motor-imagery-based brain computer
interface using signal derivation and aggregation
functions. I[EEE Trans Cybern. 2021; 52:7944-7955.
Thanha KPK, Sana AP, Pramod K. Recent advances in
graphene-based biosensors for point-of-care diagnostics.
Biomater Adv. 2025; 180:214541.

Liu XY, Wang WL, Liu M, et al. Recent applications of
EEG-based brain-computer-interface in the medical field.
Mil Med Res. 2025; 12:14.

Chen Y, Wang F, Li T, Zhao L, Gong A, Nan W, Ding
P, Fu Y. Considerations and discussions on the clear
definition and definite scope of brain-computer interfaces.
Front Neurosci. 2024; 18:23.

Nicolas-Alonso LF, Gomez-Gil J. Brain computer
interfaces, a review. Sensors. 2012; 12:1211-1279.
Wolpaw JR. Brain-computer interfaces (BCIs) for
communication and control. In Proceedings of the
9th international ACM SIGACCESS conference on
Computers and accessibility (Assets '07). Association for
Computing Machinery, New York, NY, USA, 1-2. https://
doi.org/10.1145/1296843.1296845

Edelman BJ, Zhang S, Schalk G, Brunner P, Muller-Putz G,
Guan C, He B. Non-invasive brain-computer interfaces:
State of the art and trends. IEEE Rev Biomed Eng. 2025;
18:26-49.

Daly JJ, Wolpaw JR. Brain-computer interfaces in



BioScience Trends. 2026, 20(3):287-300.

www.biosciencetrends.com

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

neurological rehabilitation. Lancet Neurol. 2008; 7:1032-
1043.

Graimann B, Allison B, Pfurtscheller G. Brain-computer
interfaces: A gentle introduction. In: Brain-Computer
Interfaces: Revolutionizing Human-Computer Interaction.
Berlin, Heidelberg: Springer. 2010:1-27. https://doi.
org/10.1007/978-3-642-02091-9 1

Wolpaw JR, Birbaumer N, Heetderks WJ, McFarland
DJ, Peckham PH, Schalk G, Donchin E, Quatrano LA,
Robinson CJ, Vaughan TM. Brain-computer interface
technology: A review of the first international meeting.
IEEE Trans Rehabil Eng. 2000; 8:164-173.

Chen J, Xia Y, Zhou X, Vidal Rosas E, Thomas A,
Loureiro R, Cooper RJ, Carlson T, Zhao H. fNIRS-EEG
BCIs for motor rehabilitation: A review. Bioengineering.
2023; 10:1393.

Metzger SL, Littlejohn KT, Silva AB, et al. A high-
performance neuroprosthesis for speech decoding and
avatar control. Nature. 2023; 620:1037-1046.

Santhanam G, Ryu SI, Yu BM, Afshar A, Shenoy KV. A
high-performance brain-computer interface. Nature. 20006;
442:195-198.

Willett FR, Kunz EM, Fan C, Avansino DT, Wilson GH,
Choi EY, Kamdar FB, Hochberg LR, Druckmann S,
Shenoy KV, Henderson JM. A high-performance speech
neuroprosthesis. Nature. 2023; 620:1031-1036.

Brandman DM, Cash SS, Hochberg LR. Review: Human
intracortical recording and neural decoding for brain-
computer interfaces. IEEE Trans Neural Syst Rehabil Eng.
2017; 25:1687-1696.

Wu X, Metcalfe B, He S, Tan H, Zhang D. A review
of motor brain-computer interfaces using intracranial
electroencephalography based on surface electrodes and
depth electrodes. IEEE Trans Neural Syst Rehabil Eng.
2024; 32:2408-2431.

Ognard J, El Hajj G, Verma O, Ghozy S, Kadirvel R,
Kallmes DF, Brinjikji W. Advances in endovascular
brain computer interface: Systematic review and future
implications. J Neurosci Methods. 2025; 420:110471.
Mitchell P, Lee SCM, Yoo PE, ef al. Assessment of
safety of a fully implanted endovascular brain-computer
interface for severe paralysis in 4 patients: The Stentrode
With Thought-Controlled Digital Switch (SWITCH)
study. JAMA Neurol. 2023; 80:270-278.

He Q, Yang Y, Ge P, et al. The brain nebula: Minimally
invasive brain-computer interface by endovascular neural
recording and stimulation. J Neurointerv Surg. 2024;
16:1237-1243.

Belkacem AN, Jamil N, Khalid S, Alnajjar F. On closed-
loop brain stimulation systems for improving the quality
of life of patients with neurological disorders. Front Hum
Neurosci. 2023; 17:1085173.

Oganesian LL, Shanechi MM. Brain-computer interfaces
for neuropsychiatric disorders. Nat Rev Bioeng. 2024;
2:653-670.

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.
2024; 5:559-569.¢4.

Arman A, Deng F, Goldys EM, Liu G, Hutchinson MR.
In vivo intrathecal IL-1p quantification in rats: Monitoring
the molecular signals of neuropathic pain. Brain Behav
Immun. 2020; 88:442-450.

Shen Z, Huang J, Wei H, Niu H, Li B, Li R, Liu G.
Validation of an in vivo electrochemical immunosensing

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

(298)

platform for simultaneous detection of multiple cytokines
in Parkinson's disease mice model. Bioelectrochemistry.
2020; 134:107532.

Wang J. Can brain-computer interface promote affected
upper limb movements of stroke patients? Med. 2024;
5:485-486.

Behboodi A, Lee WA, Hinchberger VS, Damiano DL.
Determining optimal mobile neurofeedback methods for
motor neurorehabilitation in children and adults with non-
progressive neurological disorders: A scoping review. J
Neuroeng Rehabil. 2022; 19:104.

Al-Qazzaz NK, Alyasseri ZAA, Abdulkareem KH, et
al. EEG feature fusion for motor imagery: A new robust
framework towards stroke patients rehabilitation. Comput
Biol Med. 2021; 137:104799.

Alawieh H, Liu D, Madera J, et al. Electrical spinal cord
stimulation promotes focal sensorimotor activation that
accelerates brain-computer interface skill learning. Proc
Natl Acad Sci USA. 2025; 122:¢2418920122.

Stavisky SD. Restoring speech using brain-computer
interfaces. Annu Rev Biomed Eng. 2025; 27:29-54.

Ju J, Zhuang Y, Yi C. An EEG-EMG-based hybrid brain-
computer interface for decoding tones in silent and audible
speech. IEEE Trans Neural Syst Rehabil Eng. 2025.

Zou J, Chen H, Chen X, Lin Z, Yang Q, Tie C, Wang H,
Niu L, Guo Y, Zheng H. Noninvasive closed-loop acoustic
brain-computer interface for seizure control. Theranostics.
2024; 14:5965.

LiJ, Zhang W, Liao Y, Qiu Y, Zhu Y, Zhang X, Wang C.
Neural decoding reliability: Breakthroughs and potential
of brain-computer interfaces technologies in the treatment
of neurological diseases. Phys Life Rev. 2025; 55:1-40.
Provenza NR, Reddy S, Allam AK, et al. Disruption of
neural periodicity predicts clinical response after deep
brain stimulation for obsessive-compulsive disorder. Nat
Med. 2024; 30:3004-3014.

Graat I, Mocking RJT, Liebrand LC, ef al. Tractography-
based versus anatomical landmark-based targeting in
VALIC deep brain stimulation for refractory obsessive-
compulsive disorder. Mol Psychiatry. 2022; 27:5206-
5212.

Rasmussen SA, Goodman WK. The prefrontal cortex
and neurosurgical treatment for intractable OCD.
Neuropsychopharmacology. 2022; 47:349-360.
Hollunder B, Ostrem JL, Sahin IA, ef al. Mapping
dysfunctional circuits in the frontal cortex using deep
brain stimulation. Nat Neurosci. 2024; 27:573-586.

Wang J, Wang T, Liu H, Wang K, Moses K, Feng Z, Li P,
Huang W. Flexible electrodes for brain-computer interface
system. Adv Mater. 2023; €2211012.

Ministry of Industry and Information Technology of
the People's Republic of China. Global "race for brain
technology" kicks off. https://wap.miit.gov.cn/jgsj/kjs/jscx/
zsceqheggl/art/2025/art 40c7253958ef4740949eeb71d8dS
34f3.html (accessed March 30, 2026). (in Chinese)

Zhou SY. Playing chess with thoughts: A sci-fi dream
comes true. People's Daily Overseas Edition. 2025 Jul 23;
Sect. 10. (in Chinese).

China Academy of Information and Communications
Technology. Research Report on Brain-Computer
Interface Technology and Application (2025). Beijing:
China Academy of Information and Communications
Technology; 2025. (in Chinese)

Zhu R, Zhao Y, Li Y. Paradigm shift in global governance
of medical brain-computer interface: Addressing practical



BioScience Trends. 2026, 20(3):287-300.

www.biosciencetrends.com

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

challenges through institutional innovation. Risk Manag
Healthc Policy. 2025; 18:3755-3768.

Neuracle Medical Technology (Shanghai) Co., Ltd.
Implantable brain-computer interface hand motor function
compensation system granted China's Class III medical
device registration certificate. http://www.shturl.cc/35¢c5
8a727474dd30ce6c03a3ab412599 (accessed March 30,
2026). (in Chinese)

Thakor NV. Translating the brain-machine interface. Sci
Transl Med. 2013; 5:210ps17.

European Commission. SYnaptically connected brain-
silicon Neural Closed-loop Hybrid system (Synch).
https://cordis.europa.eu/project/id/824162/fr (accessed
March 30, 2026).

European Parliament and Council. Regulation (EU)
2024/1689 of the European Parliament and of the
Council of 13 June 2024 on harmonised rules on artificial
intelligence. https://aiactinfo.eu/ (accessed March 30,
2026).

European Commission. Human Brain Project 10 Years
Assessment. https://files.ebrains.eu/hbp-10-year-
assessment.pdf?utm (accessed March 30, 2026).

The HBP-PS Consortium. The Human Brain Project:
A report to the European Commission. https://knoll.air.
in.tum.de/HBP_flagship.pdf (accessed March 30, 2026)
Shanghai Library (Institute of Scientific and Technical
Information of Shanghai). Comparison of research and
regulatory paradigms of brain-computer interfaces in
China, the United States and the European Union. http.//
www.istis.sh.cn/cms/news/article/75/27998 (accessed
March 30, 2026). (in Chinese)

Nakajima T, Sankai Y, Takata S, et al. Cybernic treatment
with wearable cyborg Hybrid Assistive Limb (HAL)
improves ambulatory function in patients with slowly
progressive rare neuromuscular diseases: A multicentre,
randomised, controlled crossover trial for efficacy and
safety (NCY-3001). Orphanet J Rare Dis. 2021; 16:304.
Watanabe H, Marushima A, Kadone H, Shimizu Y, Kubota
S, Hino T, Sato M, Ito Y, Hayakawa M, Tsurushima H,
Maruo K, Hada Y, Ishikawa E, Matsumaru Y. Efficacy and
safety study of wearable cyborg HAL (Hybrid Assistive
Limb) in hemiplegic patients with acute stroke (EARLY
GAIT Study): Protocols for a randomized controlled trial.
Front Neurosci. 2021; 15:666562.

Kubota S, Abe T, Kadone H, Shimizu Y, Funayama T,
Watanabe H, Marushima A, Koda M, Hada Y, Sankai
Y, Yamazaki M. Hybrid assistive limb (HAL) treatment
for patients with severe thoracic myelopathy due to
ossification of the posterior longitudinal ligament (OPLL)
in the postoperative acute/subacute phase: A clinical trial.
J Spinal Cord Med. 2019; 42:517-525.

Kawakami M, Fujiwara T, Ushiba J, Nishimoto A, Abe
K, Honaga K, Nishimura A, Mizuno K, Kodama M,
Masakado Y, Liu M. A new therapeutic application of
brain-machine interface training followed by hybrid
assistive neuromuscular dynamic stimulation therapy
for patients with severe hemiparetic stroke: A proof-of-
concept study. Restor Neurol Neurosci. 2016; 34:789-797.
Liu M, Ushiba J. Brain-machine interface-based
neurorehabilitation for post-stroke upper limb paralysis.
Keio J Med. 2022; 71:82-92.

Sugata H, Hirata M, Yanagisawa T, Matsushita K, Goto
T, Morris S, Yorifuji S, Yoshimine T. Common neural
correlates of real and imagined movements contributing
to the performance of brain-machine interfaces. Sci Rep.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

(299)

2016; 6:24663.

Mat Razali NA, Malizan NA, Hasbullah NA, Wook
M, Mohd Zainuddin N, Ishak KK, Ramli S, Sukardi S.
Opinion mining for national security: Techniques, domain
applications, challenges and research opportunities. J Big
Data. 2021; 8:150.

Institute of Scientific and Technical Information of
China. [Scientific and Technological Reference] Digital
biology innovation strategy - "The new South Korean
government introduces a series of science and technology
innovation plans" Part 1. https://mp.weixin.qq.com/
8/2pXXhgl0GOIw9pX1YugXyg (accessed March 30, 2026).
(in Chinese)

China Science and Technology Network. Al empowers
healthcare: Expanding new frontiers - Review of world
science and technology development in 2025 biomedical
section. https://www.stdaily.com/index/202601/08/
content 1365525.shtml (accessed March 30, 2026). (in
Chinese)

Fukushi T. East Asian perspective of responsible research
and innovation in neurotechnology. IBRO Neurosci Rep.
2024; 16:582-597.

Dohle E, Swanson E, Jovanovic L, Yusuf S, Thompson
L, Horsfall HL, Muirhead W, Bashford L, Brannigan
J. Toward the clinical translation of implantable brain-
computer interfaces for motor impairment: Research
trends and outcome measures. Adv Sci. 2025; 12:¢01912.
Kawamoto Y, Mouri M, Taira T, Iseki H, Masamune K.
Cost-effectiveness analysis of deep brain stimulation
in patients with Parkinson's disease in Japan. World
Neurosurg. 2016; 89:628-635.

Youngerman BE, Mahajan UV, Dyster TG, Srinivasan S,
Halpern CH, McKhann GM, Sheth SA. Cost-effectiveness
analysis of responsive neurostimulation for drug-resistant
focal onset epilepsy. Epilepsia. 2021; 62:2804-2813.
Brannigan JFM, Liyanage K, Horsfall HL, Bashford L,
Muirhead W, Fry A. Brain-computer interfaces patient
preferences: A systematic review. J Neural Eng. 2024;
21:061005.

Bjanes DA, Kellis S, Nickl R, et al. Quantifying physical
degradation alongside recording and stimulation
performance of 980 intracortical microelectrodes
chronically implanted in three humans for 956-2130 days.
Acta Biomater. 2025; 198:188-206.

Lv R, Chang W, Yan G, Nie W, Zheng L, Guo B, Sadiq
MT. A novel recognition and classification approach for
motor imagery based on spatio-temporal features. IEEE J
Biomed Health Inform. 2024; 29:210-223.
Fumanal-Idocin J, Wang YK, Lin CT, Fernandez J, Sanz
JA, Bustince H. Motor-imagery-based brain computer
interface using signal derivation and aggregation
functions. IEEE Trans Cybern. 2021; 52:7944-7955.
Thanha KPK, Sana AP, Pramod K. Recent advances in
graphene-based biosensors for point-of-care diagnostics.
Biomater Adv. 2025; 180:214541.

Abdulkader SN, Atia A, Mostafa MSM. Brain computer
interfacing: Applications and challenges. Egypt Inform J.
2015; 16:213-230.

Xu S, Liu Y, Lee H, et al. Neural interfaces: Bridging the
brain to the world beyond healthcare. Exploration. 2024;
4:20230146.

Saha S, Mamun KA, Ahmed K, ef al. Progress in brain
computer interface: Challenges and opportunities. Front
Syst Neurosci. 2021; 15:578875.

Kim MS, Park H, Kwon I, et al. Efficacy of brain-



BioScience Trends. 2026, 20(3):287-300.

www.biosciencetrends.com

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

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. 2025; 22:1-13.

Lim H, Choi H, Ahmed B, et al. Attention-adaptive
BCI-AOT system enhances motor recovery and neural
engagement after stroke. IEEE Trans Neural Syst Rehabil
Eng. 2026; 34:686-698.

Chaudhary U, Chander BS, Ohry A, Jaramillo-Gonzalez
A, Lul¢ D, Birbaumer N. Brain computer interfaces for
assisted communication in paralysis and quality of life. Int
J Neural Syst. 2021; 31:2130003.

Jiang Y, Li K, Liang Y, Chen D, Tan M, Li Y. Daily
assistance for amyotrophic lateral sclerosis patients based
on a wearable multimodal brain-computer interface
mouse. IEEE Trans Neural Syst Rehabil Eng. 2025;
33:150-161.

Sawyer A, Chetty N, McMullen DP, ef al. Building
consensus on clinical outcome assessments for BCI
devices: A summary of the 10th BCI Society meeting
2023 workshop. J Neural Eng. 2025; 22:010201.

Wang S, Song X, Yu L. Non-invasive brain-computer
interfaces: Converging frontiers in neural signal decoding
and flexible bioelectronics integration. Nano-Micro Lett.
2026; 18:193.

Mohammad CN, Homa AK, Reza MD. Ensemble
regularized common spatio-spectral pattern (Ensemble
RCSSP) model for motor imagery-based EEG signal
classification. Comput Biol Med. 2021; 135:104546.
Zhang S, Shi E, Wu L, et al. Differentiating brain states
via multi-clip random fragment strategy-based interactive
bidirectional recurrent neural network. Neural Netw. 2023;
165:1035-1049.

Li S, Daly I, Guan C, Cichocki A, Jin J. Inter-participant
transfer learning with attention based domain adversarial
training for P300 detection. Neural Netw. 2024;
180:106655.

Pfeffer MA, Wong JKW, Ling SH. Transformer-based
hybrid systems to combat BCI illiteracy. Comput Biol
Med. 2026; 200:111378.

Won K, Kim H, Gwon D, Ahn M, Nam CS, Jun SC. Can
vibrotactile stimulation and tDCS help inefficient BCI
users? J Neural Eng. 2023; 20:60.

Portillo-Lara R, Tahirbegi B, Chapman CAR, Goding JA,

97.

98.

99.

100.

101.

102.

Green RA. Mind the gap: State-of-the-art technologies
and applications for EEG-based brain-computer interfaces.
APL Bioeng. 2021; 5:031507.

Wang S, Song X, Yu L. Non-invasive brain-computer
interfaces: Converging frontiers in neural signal decoding
and flexible bioelectronics integration. Nano-Micro Lett.
2026; 18:193.

Dohle E, Swanson E, Jovanovic L, Yusuf S, Thompson
L, Horsfall HL, Muirhead W, Bashford L, Brannigan
J. Toward the clinical translation of implantable brain-
computer interfaces for motor impairment: Research
trends and outcome measures. Adv Sci. 2025; 12:¢01912.
Dawit H, Zhao Y, Wang J, Pei R. Advances in conductive
hydrogels for neural recording and stimulation. Biomater
Sci. 2024; 12:2786-2800.

Qian T. What are the challenges for the clinical application
of the National Healthcare Security Administration's
charging for brain computer interfaces? First Financial
Daily. 2025; (A09). (in Chinese)

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. 2025; 22:1-13.

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.
2024; 5:559-569.¢4.

Received March 31, 2026; Revised May 29, 2026; Accepted
June 11, 2026.

$These authors contributed equally to this work.

*Address correspondence to:

Jiangjiang He, Shanghai Health Development Research Center
(Shanghai Medical Information Center), No. 181 Xinbei Road,
Minhang District, Shanghai 201199, China.

E-mail: hejiangjiang@shdrc.org

Peipei Song, Division of Global Health & Medicine, Bureau of
Health Emergency and Management, Japan Institute for Health
Security, 1-21-1 Toyama, Shinjuku-ku, Tokyo 162-8655, Japan.
E-mail: psong@jihs.go.jp

Released online in J-STAGE as advance publication June 16,
2026.

(300)



