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ABSTRACT

Brain—computer interface (BCI) technology has emerged as a crucial interdisciplinary advancement in the field of neuropsychiatric
disease treatment. With the global rise in the prevalence of neurological and psychiatric disorders, which impose a substantial
burden on society, BCI offers a novel approach. Since the discovery of bioelectric phenomena in the 19th century, various
classification frameworks have been developed based on signal paradigms, invasiveness, and feedback mechanisms. BCI
applications span multiple disease areas. In movement disorders, it aids in restoring motor function through prosthetic
control, functional electrical stimulation, and brain stimulation-based therapies. For patients with communication barriers, it
enables alternative communication methods and speech-related neural signal decoding. In psychiatric conditions, BCI shows
growing potential in both diagnosis and treatment, particularly in conditions like autism and depression. Despite significant
progress, BCI faces challenges. The long-term biocompatibility of electrodes and the resolution of neural signals remain to be
improved. To address these limitations, research on new electrode materials, such as carbon nanomaterials and composites,
is ongoing. Emerging BCI technologies, including endovascular BCI and optogenetics BCI, present new possibilities. The
integration of multimodal technologies and artificial intelligence in BCI systems is expected to enhance performance and enable
more personalized treatment. Overall, BCI technology holds great promise for improving the quality of life of patients with

neuropsychiatric disorders and driving innovation in the medical and neuroscience fields.

1 | Introduction

The global incidence of neurological and psychiatric dis-
eases is rising, driven by factors such as population aging,
extended expectancy, and psychological stress, imposing signifi-
cant socioeconomic burdens on families, healthcare systems, and
economies. According to 2021 statistics from the Global Health

Data Exchange, an estimated 2.87 billion people worldwide are
affected by neurological diseases such as age-related dementias,
neurodegenerative diseases, strokes, and traumatic brain injuries,
while 1.09 billion suffer from psychiatric conditions, such as
depression. Notably, the global prevalence of depression alone
reached 320 million cases in 2021, equivalent to 43 cases per 1000
individuals. Parkinson’s disease (PD) affects 149 individuals per
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100,000 worldwide and has led to the loss of an estimated 7.47
million healthy life years. Globally, the total number of dementia
cases attributable to Alzheimer’s disease (AD) and other causes
approaches 55 million [1]. In the same year, there were about
12 million stroke incidents worldwide, with post-stroke cognitive
impairment observed in 53.4% of survivors [2]. Moreover, these
disorders or the underlying neuropathological mechanisms often
interact to exacerbate disability [3]. In summary, neurological and
psychiatric diseases have become a major global public health
crisis demanding urgent development of innovative therapies.
However, the adult human brain has limited repair capacity, and
neurological damage remains largely irreparable despite decades
of intensive research in regenerative therapies.

Brain—-computer interface (BCI) technology is a promising
research direction for the treatment of neurological and psychi-
atric diseases. These BCI systems provide users with brain output
channels that convert neural activity into control instructions
for external devices [4]. Additionally, BCI can provide input
signals in the form of motor, tactile, or visual feedback to
support rehabilitation training and enable personalized, closed-
loop neuromodulation therapies [5, 6]. The emergence of BCI
is redefining the boundaries of modern medicine and providing
a new technical path for the treatment of neurological and
psychiatric diseases.

A typical BCI system consists of three key components: a signal
acquisition module, a signal processing module, and controllable
external devices [7]. Currently, the application of BCI in the
medical field primarily focuses on neuropsychiatric diseases,
including disease assessment, functional assistance, rehabilita-
tion training, and neuromodulation. For diagnostic purposes,
BCI systems can detect the onset of neurological impairments or
events such as seizures. For functional assistance, BCI-generated
output signals enable patients with strokes, limb defects, or
spinal cord injuries (SCIs) to control external devices such as
wheelchairs and prosthetics. In the context of rehabilitation, BCI
can provide essential feedback and training paradigms. Further-
more, BCI can be utilized to trigger neuromodulatory inputs such
as deep brain stimulation (DBS) to suppress seizures or regulate
movement in PD [5, 8, 9]. These BCI systems can also be designed
for the evaluation and treatment of psychiatric disorders such
as depression, autism, attention deficit hyperactivity disorder
(ADHD), and bipolar disorder through stimulation-based or
pharmacological interventions [10-13]. Although the potential
of BCI is promising, several challenges remain, including the
risks associated with signal detector and stimulator implantation,
limited system portability, and the need for improved neural
signal decoding for personalized device control. This review
summarizes recent advances in the design of BCI systems for
neuropsychiatric diseases, including progress in signal detection
and decoding, feedback control for external devices and neuro-
modulation, technical achievements in system engineering and
fabrication, and potential future applications.

2 | History of Brain-Computer Interfaces

The development of BCI systems can be traced back to the
discovery of bioelectric phenomena in the 19th century [14].

In 1875, British physicist Richard Caton was the first to record
electrical activity from the brains of animals and published his
groundbreaking findings in the British Medical Journal [15]. This
discovery ultimately paved the way for the routine clinical use of
electrophysiological measurements such as the electroencephalo-
gram (EEG), electrocardiogram, electromyogram (EMG), and
compound nerve action potential recordings for diagnosis, while
also laying the foundation for BCI technology development. In
1913, Prawdicz-Neminski was the first to capture seven distinct
patterns of bioelectrical activity in animal brains, terming them
components of the “electrocerebrogram.” However, he misinter-
preted these signals as artifacts caused by human interference
rather than recognizing them as originating from biological
processes [16]. In 1924, Hans Berger successfully recorded the first
human EEG and identified endogenous oscillating waveforms,
which are now recognized as a- and S-waves [17]. This milestone
provided a crucial theoretical foundation for the subsequent
development of BCI technology.

The mid-20th century witnessed significant progress in BCI
development. In 1964, Walter et al. first measured slow cortical
potentials (SCPs), which were later adapted to enable communi-
cation for patients with locked-in syndrome (LIS)—a condition
characterized by full awareness but complete paralysis (also
known as pseudocoma) [14, 18]. In 1969, Eberhard Fetz conducted
the first BCI experiments with monkeys, marking a pivotal
breakthrough. Around the same period, M.B. Sterman identified
the sensorimotor rhythm (u-rhythm) in feline brains [19]. Despite
these advances, the term “brain—computer interface” wasn’t
formally introduced until 1973, when Jacques J. Vidal of UCLA
developed a system based on visual event-related potentials
(ERPs), thereby establishing BCI as a distinct research field
[20]. A landmark achievement followed in 1978 when William
Dobelle implanted a 68-electrode array in a blind patient’s visual
cortex. Electrical stimulation successfully induced phosphenes
(light perception without actual light input), representing the first
major human application of BCI technology [21].

These achievements were followed by important breakthroughs
in BCI signal detection and processing technology. In 1988, Far-
well and Donchin proposed the famous “P300 speller” paradigm,
which allowed individuals with severe motor impairments to
communicate by identifying selected letters on a screen through
the output of the P300 ERP waveform associated with decision-
making [22]. In the early 1990s, Pfurtscheller and colleagues
further expanded the application of BCI by using event-related
desynchronization (ERD) and event-related synchronization as
BCI control signals [23]. In 1992, Erich E. Sutter developed a
BCI system based on visual evoked potentials (VEPs) [24], and in
1996, McMillan et al. introduced a system utilizing steady-state
visual evoked potentials (SSVEPs) [25]. Further advancements
were made in applying BCI to control motor devices. In 1998,
Philip Kennedy and Roy Bakay of Emory University implanted
a “motor neuroprosthesis” in a patient with LIS, enabling the
control of a computer cursor using BCI [26]. In 1999, the first BCI
International Conference was held, marking a key step toward the
systematic classification and standardization of BCI technology.
In 2000, Jonathan Wolpaw proposed a comprehensive definition
of BCI, laying a theoretical foundation for subsequent research
[27].
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FIGURE 1 | History of brain-computer interface development. Timeline of major technical advances leading to the development of brain-computer

interfaces (BCIs). This chart divides the history of BCI development into two eras, exploration and application. During the exploration era, many of the

biological signals now used for BCI were discovered, including the electroencephalogram in 1924. During the application era, may BCI systems were
developed and first tested on experimental animals. The milestone event in this era was the demonstration that a patient could control a robotic arm

using brain signals from implanted electrodes (2004).

The progress in BCI system development accelerated in the early
21st century. In 2004, Matt Nagle was the first patient to use
an invasive BCI system to control a robotic arm, marking a
major breakthrough in the clinical application of BCI technology
[28]. Since then, both experimental and clinical applications of
BCI technology have expanded rapidly. Particularly over the past
decade, numerous BCI-based applications for humans have been
developed and tested, attracting increasing attention from both
the academic community and the news media. Figure 1 presents
a timeline illustrating these developments to provide a reference
for future research.

3 | Classification of Brain-Computer Interfaces

The general goal of BCI systems is to enable direct interactions
between the human brain and external devices. This can be
achieved through converting neural signals into specific output
commands (e.g., for motor prosthesis control), converting exter-
nal stimuli into brain signals for artificial sensory perception, or
facilitating reciprocal communication, as seen in sensorimotor
feedback systems. These BCI systems can be categorized based
on signal measurement modality, application, and invasiveness,
among other factors, with each category exhibiting distinct
advantages and limitations in signal acquisition, processing,

and specific application scenarios. This section systematically
describes the classification of BCI systems based on signal source,
electrode implantation mode, and feedback mechanism and
states their potential applications for neuropsychiatric diseases to
provide theoretical support and a technical reference for research
and practice in related fields.

According to the signal source, BCIs can be divided into SSVEP-
based, P300-based, and Melectromyography Imagery (MI)-based.
Steady-state VEPs are brain waves produced in synchrony with
visual stimuli [29]. Through this mechanism, for example, a
user can generate control signals at a specific frequency in
response to visual targets presented at that frequency. The P300
potential is a transient ERP produced when the brain receives an
unexpected stimulus. Finally, MI refers to the electrical signals
generated when imagining the preparation or performance of
a movement [30-32]. These signals can be further divided into
evoked and spontaneous signals [33, 34]. Evoked activity refers
to the neural electrical potentials generated in the brain upon
external stimuli, such as SSVEPs and P300 waveforms [35], while
spontaneous activity refers to neural activity generated by the
user, such as MI [36, 37]. In addition, other BCI signal paradigms
are also worth exploring, such as error-related negativity (ERN),
movement-related cortical potential (MRCP), SCP, and ERD [38-
40]. These paradigms have found particular utility in specific
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applications. For instance, the ERN reflects a neural mechanism
for performance monitoring and error correction, with larger
ERN amplitudes being correlated with enhanced error detection
and compensatory behaviors [41]. The ERD involves the attenua-
tion of EEG power in the alpha and beta frequency bands prior to
movement and is widely applied in motor imagery and execution
tasks [42]. The MRCP exhibits distinct spatiotemporal patterns
during movement preparation and execution. Studies have com-
bined MRCP and ERD to elucidate the temporal dynamics of
motor control [43]. Meanwhile, the SCP has been investigated for
its role in SCP modulation, providing a low-frequency alternative
for BCI control [44].

Depending on the location of electrode implantation, BCIs can be
divided into invasive, semi-invasive, and non-invasive types. Elec-
trodes for noninvasive BCI are placed outside the skin, such as
for conventional EEG recording [45, 46] or magnetoencephalog-
raphy (MEG) [33, 34]. Electroencephalographic electrodes record
electrical activity generated by vertical currents on the scalp
surface, while MEG measures the magnetic field generated by
a tangential current. A semi-invasive BCI is an intermediate
technology between non-invasive and fully invasive approaches.
Its electrodes are implanted inside the skull but on the surface of
the cerebral cortex (epidurally or subdurally) without penetrating
the brain parenchyma [35]. Electrodes can be surgically placed
on the cortical surface (e.g., via electrocorticography [ECoG])
or minimally injected as flexible components (e.g., hydrogel or
mesh-like structures) into target brain regions [47]. This approach
combines the advantages of non-invasive methods (lower surgical
risk) and invasive methods (higher signal quality): the absence of
parenchymal penetration provides significantly superior spatial
resolution compared to electroencephalography (EEG), while
posing lower immunological response risks than fully implanted
electrodes [48, 49]. In the most invasive configuration, multi-
unit EEG electrode arrays are implanted on or beneath the
cortical surface to capture neuronal signals generated near the
electrode tips [50, 51]. ECoG electrodes can be placed either
on the surface of the cerebral cortex to record synchronized
neuronal activity or implanted into gray matter, depending on
the application scenario [50, 52]. While non-invasive BCIs such
as EEG-based systems are the safest, most secure, and least
expensive, requiring no surgical implantation, the signal-to-noise
ratio (SNR) and spatial resolution are comparatively poor, and
signals can be easily distorted by external signals and movement.
Alternatively, invasive BCI systems achieve the highest SNR but
require implantation surgery and may trigger an inflammatory
response at the implantation site. Semi-invasive BCI strikes a
balance between the two [53].

Non-invasive electrodes can be further divided into dry elec-
trodes, wet electrodes, and semi-dry electrodes depending on
whether the application of conductive pastes is required. Dry
electrodes do not require conductive pastes, but the higher input
impedance at the skin surface results in relatively poor signal
quality [54]. In contrast, conductive pastes used for wet elec-
trodes can reduce skin impedance, improve signal quality, and
reduce motion artifacts. However, their adhesion may require the
removal of underlying hair and cuticle, resulting in skin damage.
Moreover, conductive pastes can dry out due to evaporation,
resulting in decreased conductivity. Therefore, wet electrodes are
not appropriate for long-term signal recording [7, 55]. Semi-dry

electrodes combine the ease of use of dry electrodes with the
higher signal quality of wet electrodes. These are typically made
of flexible polymer materials or nano-metal porous materials and
contain electrolytes that are automatically released and penetrate
the stratum corneum (outermost epidermal layer) during use,
thereby reducing impedance and improving signal quality [56,
57]. These different electrode types and typical locations are
illustrated in Figure 2.

BCI systems can be classified as open loop or closed loop based
on feedback mechanisms. Open-loop BCIs analyze brain states in
real-time to control external devices but lack bidirectional signal
flow, limiting adaptive adjustment [58-60]. For example, the
P300 speller paradigm [22] enables communication by detecting
ERPs in response to visual stimuli, but it does not integrate user
feedback to optimize performance. This system is suitable for
static tasks like letter selection but may struggle with dynamic
adjustments. In contrast, closed-loop BCIs integrate real-time
feedback to modulate stimulation parameters or decoding strate-
gies. These closed-loop systems typically utilize neurofeedback
(NF) to analyze brain activity and initiate neuroplasticity or mod-
ulate brain activity through brain stimulation techniques [61]. For
instance, adaptive deep brain stimulation (aDBS) systems [62,
63] dynamically adjust stimulation intensity based on subtha-
lamic nucleus local field potentials (STN-LFPs) in PD patients,
reducing motor fluctuations and improving therapy precision
[64]. Another BCI system based on EEG incorporates adaptive
closed-loop control algorithms that automatically adjust feedback
patterns and control strategies according to individual differences
and training progress, thereby achieving more effective reha-
bilitation training [65]. Closed-loop systems demonstrate higher
decoding accuracy and personalized intervention [66], though
they require more complex hardware and risk feedback-induced
neural adaptation [67].

4 | Application of Different Brain-Computer
Interface Configurations for Disease Treatment

4.1 | Movement Disorders

Movement disorders are the primary manifestations of many
neurological diseases. Patients with PD, for instance, suffer from
progressively worsening motor symptoms such as tremors, stift-
ness, and gait disturbances [68]. While medications can relieve
these symptoms in the early stages, they usually lose efficacy
with disease progression. On the other hand, BCI systems can
be designed to monitor activity in the motor cortex, decode
these signals with the assistance of various algorithms (including
machine learning), and send decoded commands to control
external devices such as robotic arms and stimulators [69, 70].
Since Matt Nagle became the first patient to use an invasive
BCI system to control a robotic arm in 2004 [71], the use of
BCI to improve movement disorders has shown ever-increasing
promise for the replacement of lost motor function. In recent
decades, a wealth of new technologies have been developed
that can be applied to the brains or limbs of patients to treat
various movement disorders. This section will describe BCI
systems for the treatment of movement disorders according to
the technologies applied rather than specific diseases, because the
treatment methods often overlap.
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FIGURE 2 | Placement of different electrode types used for BCI signal acquisition and interventional stimulation. Electrodes used for BCI output

are classified as invasive, semi-invasive, and non-invasive according to location. Non-invasive electrodes can be divided into dry, semi-dry, and wet

types according to the requirement for conductive paste between the electrode and the skin. Invasive electrodes are located on the cerebral cortex,

within brain structures, or in the neurovasculature, while semi-invasive electrodes are usually located between the skull and the cerebral cortex. Non-
invasive electrodes are located on the scalp surface, such as electroencephalogram (EEG) electrodes and magnetoencephalography (MEG) electrodes.
Electrocorticography (ECoG) electrodes can be placed within or outside the cerebral cortex (in the figure, these electrodes do not invade the cerebral

cortex). Non-invasive wet electrodes require a conductive liquid between the electrode surface and scalp, while semi-dry electrodes contain conductive

liquid. Dry electrodes require no conductive liquid between the electrode surface and the scalp. In addition, an interventional electrode is shown, which

in this case is placed in an intracranial blood vessel.

4.1.1 | Prosthetics/Robotic Arms

SCIs can result in life-altering paraplegia or quadriplegia. For
patients with these symptoms, BCI systems using implanted
electrodes can record neural activity from the motor cortex and
decode this activity into control signals interpretable by prosthetic
limbs and other assistive devices. In addition to unidirectional
open-loop systems for external device control, a bidirectional
BCI system for an SCI-induced paraplegia male patient has been
described that not only decodes neural activity from the motor
cortex to control a robotic arm but also provides tactile feedback
by delivering intracortical microstimulation to the sensory cortex
for enhanced control [72]. In another application, a subcortical
stroke patient implanted with the BCI system was able to decode
EEG signals associated with imagined hand movements and
control an exoskeleton for opening and closing actions [73].
Further advancements have been made in decoding brain signals
to control prosthetic fingers. In one study, researchers recorded
and decoded neural activity from the left posterior parietal cortex
and MC while patients attempted to move individual fingers
and used these signals to control individual prosthetic fingers,
offering new possibilities for restoring finer hand function in
patients with quadriplegia [74].

To enhance the functionality and control of prosthetics, a hybrid
system has been developed that integrates EMG and functional
near-infrared spectroscopy (fNIRS) to control a prosthetic knee

through motor imagery (MI) [75]. By integrating these signal
detection modalities, this hybrid system effectively mitigates the
inherent limitations of each modality (e.g., the low temporal
resolution of fNIRS), thereby significantly enhancing the preci-
sion and functionality of the prosthetic device. This advancement
offers patients a more natural and flexible movement experience.

Additionally, the development of a portable and modular BCI
software platform has created new possibilities for home-based
applications [76]. For instance, this platform enables the control
of a mechanical glove for grasping as an output device via
a smartphone application. This innovation not only simplifies
the operation of BCI systems but also offers a more accessible
rehabilitation tool for paralyzed patients, significantly improving
functional independence.

Several case studies demonstrate the latest advancements in
BCI applications for controlling prosthetic devices and robotic
arms, particularly in enhancing control accuracy, adaptability,
and personalization. A study employed a genetic algorithm (GA)
integrated with a support vector machine (SVM) classifier and
EEG signals to achieve path planning and target localization
for prosthetic devices. This approach generates control signals
by simulating the brain activity of subjects imagining arm
movements [77]. In another study, fNIRS technology was used to
capture brain signals, and signal processing was conducted using
the NIRSport 8 x 8 device. Finally, an Arduino board was used to
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control the prosthetic movement [78]. These examples highlight
the potential of BCI in controlling prosthetic and robotic limbs
while demonstrating how improvements in system portability,
decoding, and feedback control contribute to improved precision
and user experience.

4.1.2 | Functional Electrical Stimulation

Functional electrical stimulation (FES) of nervous tissue aims
to restore function lost due to injury. In most BCI-FES systems,
FES is applied on peripheral nerves via surface (non-invasive)
or implanted (invasive) electrodes to induce muscle contraction
and produce movement under the control of brain signals,
avoiding spinal cord damage [79-81]. In addition to movement,
FES multi-stimulation therapy has been used to promote blood
circulation and prevent muscle atrophy, significantly improving
the daily activities of patients with neurological disorders [82].
By combining BCI with FES, movement deficits due to SCI, PD,
or stroke can be improved [37, 83]. Further, these systems can
be designed to improve the user experience through feedback
during training task performance. For example, Zhang et al.
developed an adaptive BCI-FES system that detects motor intent
via EEG and provides visual feedback to dynamically adjust task
difficulty based on performance, ultimately improving output
control. Subacute stroke patients who received this intervention
demonstrated greater improvements in upper extremity motor
function, specifically in hand and wrist, as measured by the
Fugl-Meyer Assessment for Upper Extremity and these improve-
ments were sustained at six months post-intervention, suggesting
durable recovery of motor function [84].

Despite these successes, significant challenges remain in com-
bining FES with EEG-based BCI. For instance, while EEG signal
analysis (particularly of u- and -waves) can encode MI, it still
lacks the precision to identify the intended target muscles [37,
85, 86], hindering accurate modulation of FES parameters such
as pulse amplitude and width for the desired output. Therefore,
the acquisition of surface electromyography (SEMG) signals is
particularly important. The addition of SEMG solves the problem
of ambiguous muscle activation intention for more precise FES
control [87]. Further closed-loop BCI control can be achieved
by integrating EEG and sEMG signals, where EEG signals are
used to detect exercise preparation or execution, and sEMG
signals are used to monitor muscle activity and provide feedback
for adjusting FES parameters. Based on the combined analysis
of EEG and sEMG signals, the BCI system can modulate FES
parameters such as pulse amplitude, width, and frequency [88,
89]. With SEMG, BCI-FES can also assess muscle activity during
exercise or rehabilitation, delivering FES to inactive muscles to
prevent atrophy [86].

Cross-talk in hybrid BCI systems, such as electromyography
(EMG) artifacts in EEG signals, is effectively mitigated through
advanced preprocessing and signal fusion techniques. Indepen-
dent component analysis (ICA) [90] and wavelet transform
[91] are widely employed to isolate muscle artifact compo-
nents, while spatial filtering methods, such as the common
average reference, reduce environmental noise contamination.
For signal fusion, canonical correlation analysis (CCA) [92]

has demonstrated superior performance in identifying shared
features between modalities, particularly in removing EMG
interference from EEG signals compared to ICA, due to its robust-
ness in handling non-stationary and non-linear artifacts. Deep
neural networks, including multi-stream convolutional neural
networks (CNNs) [93, 94], are increasingly adopted to process
modality-specific features separately before integration, enabling
end-to-end learning of complex patterns. Additionally, hybrid
methods such as wavelet transform—ICA [91] and empirical
mode decomposition-ICA [95] have been validated for their
effectiveness in removing artifacts in noisy clinical environments,
especially when combined with real-time processing frameworks
like Gaussian mixture models [92]. These approaches collectively
enhance the robustness and accuracy of hybrid BCI systems in
challenging operational conditions.

4.1.3 | Brain Stimulation

Combining BCI with brain stimulation can be used to improve
motor control in PD [51, 96, 97]. Stimulation devices may be
either surface-based non-invasive brain stimulation (NIBS) or
implanted for DBS [98]. Due to safety and ease of application,
NIBS modalities are more widely used for the functional reha-
bilitation of stroke patients [99], including transcranial magnetic
stimulation (TMS) and transcranial electrical stimulation (TES)
[100, 101]. TES modalities include transcranial direct current
stimulation (tDCS) and transcranial alternating current stimu-
lation (tACS), and both have been shown to effectively activate
motor neurons in the diseased or non-diseased hemisphere to
drive motor activity [102]. Modulation of the theta-y band, in
particular using tACS, has been shown to significantly improve
motor skills acquisition [103]. DBS targeting the basal ganglia
(especially the STN and globus pallidus [Gpi] interna) is now
a routine intervention for PD, and several groups have applied
BCI-DBS to treat movement disorders caused by PD and stroke
[51, 104, 105]. Others have used cerebellar DBS to enhance motor
function recovery in chronic stroke patients and found neuroplas-
tic reorganization of the ipsilateral cortex even years later [106].
A multicenter randomized controlled trial (RCT) is currently
underway to evaluate the efficacy of DBS in improving motor
dysfunction after stroke. Research has demonstrated the potential
of DBS in treating post-stroke motor dysfunction, such as the
use of GPi-DBS combined with ventral intermediate/ventral oral
posterior nucleus-DBS for unilateral post-stroke dyskinesia and
Zona incerta-DBS for patients with post-stroke hemorrhage [107].
In addition, researchers have found that aDBS based on beta burst
can improve gait disturbances and freezing of gait in patients with
PD, with efficacy comparable to that of traditional continuous
DBS. This technique enhances the precision and effectiveness
of treatment by real-time monitoring and adjustment of stimu-
lation parameters [108]. DBS is effective in treating movement
disorders, with specific effects observed in different brain regions.
Stimulation of the STNand the internal GPi can improve motor
symptoms in patients with PD, such as tremors, rigidity, and
bradykinesia [109]. Additionally, STN stimulation has been found
to alleviate choreiform symptoms in patients with Huntington’s
disease, and the GPi is also considered a potential therapeutic
target for this condition. For AD, targeting the amygdala and
the anterior cingulate cortex can enhance cognitive function.
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Furthermore, cortical DBS is emerging as a potential therapeutic
target for patients with amyotrophic lateral sclerosis (ALS) [110].

Optimization of DBS for BCI applications is also ongoing. Con-
ventional DBS devices produce artifacts during stimulation that
interfere with the recording of neural signals. In response, a
closed-loop Alpha DBS system has been developed that effectively
removes artifacts through advanced signal processing technology,
thereby improving signal quality and allowing the adjustment of
stimulation parameters in real-time according to neurophysiolog-
ical indicators to achieve more efficient and reliable stimulation
effects [62].

4.1.4 | Applications of Other Technologies

A BCI system combined with sensorimotor rhythm NF train-
ing has been shown to alleviate tetrahydropyridine-induced
Parkinsonian symptoms in non-human primates treated with
levo-dihydroxyphenylalanine, a ubiquitous drug treatment for
early-stage PD [52]. Briefly, EEG signals are converted into visual
or auditory feedback, with the brainwave pattern influencing
how feedback is presented [111]. Through practice, reinforce-
ment, and feedback, subjects can learn to control neural activity
autonomously [112]. For example, DyNeuMo-2 NF is a beta
oscillatory NF training game for patients with PD, in which
users control a game cursor by self-adjusting brain waves. The
user moves the cursor to a specified position by increasing
motor cortex -band power, and improvement through training
ultimately enhances exercise capacity [98, 113].

BCI can also be used in conjunction with action observation
therapy (AOT), a neurorehabilitation method for patients with
movement disorders that utilizes the automatic activation of
neural structures responsible for performing an action when
observing another person performing that action (mirror-neuron
effect) [114]. Indeed, several studies have used AOT to treat
patients with chronic ischemic stroke (defined as still recovering
more than 6 months after the event), as well as PD, cerebral palsy,
aphasia, and multiple sclerosis [115-118]. Functional magnetic
resonance imaging (fMRI) has revealed a marked increase in
mirrored brain region activity in patients treated with AOT [119,
120]. Other research groups have combined AOT, sEMG, and
FES (AOT-BCI-sEMG-FES) for rehabilitation. In this scenario,
the patient wears a helmet-mounted EEG sensor and sEMG
sensor while receiving AOT treatment. In addition, an inertial
measurement unit is used for motion tracking to assess whether
the patient has completed the maneuver correctly, while FES
is adjusted based on this feedback to assist in completing the
maneuver [86]. This system may apply to a broad spectrum of
neurological and musculoskeletal diseases for rehabilitation and
exercise training, among other interventions.

In addition, game technology is being used to treat patients
with quadriplegia. Willsey and colleagues have developed a new
high-performance intracortical brain—-computer interface (iBCI)
system that can decode the brain activity of paralyzed patients
and control the movement of virtual fingers. In the application
study, a 69-year-old male with quadriplegia due to SCI was
implanted with two 96-channel silicon microelectrode arrays

(MEAs) into the “hand tubercle” area of the left anterior central
gyrus to record brain activity. In the training phase, the patient
played games such as navigating virtual obstacle courses and
random circle crossings with virtual quadcopters by controlling
the movement of virtual fingers through brain activity. The
results suggested that this iBCI system can achieve highly refined
finger control and provide a new way of entertainment and
socialization for paralyzed patients [121].

To date, the application of BCI in the management of motor
disorders has demonstrated considerable breadth, with exten-
sive experimental applications observed in conditions such as
PD, epilepsy, and stroke. Through the utilization of advanced
technologies, including robotic arms, FES, and DBS, BCIs have
successfully enabled bidirectional intervention between brain
regions and limbs, thereby improving patients’ motor func-
tionalities. The incorporation of virtual reality (VR), gaming
technologies, behavioral observation therapy, and NF has fur-
ther augmented the therapeutic efficacy for individuals with
motor disorders. Ongoing advancements aimed at enhancing
the sensitivity and signal precision of existing BCI systems
are continuously being pursued, thereby facilitating perfor-
mance optimization and broader applications of BCI technology.
Nevertheless, despite the progressive achievements in rele-
vant therapeutic domains, the majority of explorations remain
confined to the experimental realm, clinical translation, and
practical implementation, posing substantial challenges within
the current research landscape. The invasive risks and poten-
tial complications associated with BCI interventions cannot
be overlooked. Additionally, the portability of BCI treatment
modalities should be considered to enhance patient conve-
nience and alleviate treatment burdens. Future BCI therapeutic
paradigms should aspire toward a personalized approach, target-
ing specific brain regions and muscles to refine treatment preci-
sion, enhance therapeutic outcomes, and minimize unnecessary
harm.

4.2 | Communication Barriers

In addition to movement disorders, communication disorders are
also common symptoms of neuropsychiatric diseases such as ALS
and LIS and are prevalent among individuals with hearing loss
and injuries affecting cortical speech production (dysphonia). In
ALS, motor neurons in the brain and spinal cord degenerate,
resulting in motor-related communication impairments [50],
while LIS is a pervasive disorder of consciousness affecting the
ventral and caudal sides of the pontine and midbrain [122]. Some
patients with LIS have partially preserved motor ability and
can communicate through vertical eye movements and eyelid
movements, but those with complete LIS are unable to blink or
gaze directionally to communicate [123, 124]. Disorders similar
to LIS, including covert consciousness, cognitive-motor dissocia-
tion, minimally conscious state (MCS), and higher-order cortical
motor dissociation, also feature profound communication deficits
[125]. In addition, congenital deafness, auditory nerve damage,
and otosclerosis substantially limit communication. Here, we
describe BCI technologies that provide several strategies to
solve communication barriers, whether due to vocal or auditory
impairments.
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4.2.1 | Dysphonia

Patients with ALS inevitably lose verbal communication capacity
in the later stages of the disease, but various BCI configurations
can be applied to replace voice communication. One group
implanted a high-density multi-electrode array on the surface of
the cortical speech control area in people with aphasia, and they
also applied deep learning algorithms to create computational
models for decoding the measured signals into the intended
words and sentences. The system demonstrated an average
decoding speed of 15.2 words per minute, accompanied by an
average word error rate of 25.6% [126]. In addition, a BCI coupled
with ECoG, linear judgment analysis, and CNNs was used to
decode speech-related neural signals representing different levels
of speech, such as phonemes, words, and sentences. In addition,
the BCI system was followed by the use of vocoders combined
with deep learning algorithms (regression probability models
and phase estimation models) for speech synthesis [122, 127]. A
core advantage of this method is greater communication speed
compared to traditional eye-tracking methods, in which gaze
direction is used to indicate the selection of individual letters or
words from an array. In one such study, researchers implanted
four MEAs into the brain of a patient with ALS to record
neural activity during attempted oral movements, pronunciation,
and speech. And they also used recurrent neural networks to
decode this neural activity and convert it into text. Compared to
earlier speech interface systems and eye-tracking technologies,
this system achieved an even higher decoding rate (62 words/min)
and a lower word error rate (9.1%) [128].

Some of the BCI techniques described for movement disor-
ders can also be used by LIS patients to facilitate indirect
communication. For example, BCI plus FES can be used to
decode individual gestures, American Sign Language logos,
and handwritten characters based on neural activity, producing
output signals to control FES for improved sign language and
handwriting. Alternatively, this system can decode information
about facial activity and facial expressions from neural activity
and then induce facial movements to form appropriate facial
expressions [79].

In summary, most current BCI systems applied to vocal disorders
combine classical learning algorithms, deep learning algorithms,
and data models to translate neural signals into words. Compared
to traditional methods like eye tracking during letter selection,
these systems are faster and more accurate. With an increase
in computational power and the accumulation of neurophysio-
logical data relating EEG signals to language content, the scope
of these applications will certainly expand. For example, by
incorporating artificial intelligence (AI) technology, BCI systems
could one day be able to analyze brain signals in real-time and
dynamically adjust the decoding strategy through closed-loop
stimulation. Such a real-time feedback mechanism would not
only improve the response speed of the system but also optimize
the stimulation parameters because of the immediate need for
further improvement of the treatment effect. With the help of AI
algorithms, BCI systems could also create personalized decoding
models based on the patient’s individual EEG activity patterns,
linguistic abilities, communication styles, and clinical symptoms.
A BCI big data platform based on cloud computing could also
be built to process, analyze, and share EEG data for collaborative

research. This kind of platform would not only provide rich data
support for the optimization of BCI algorithms but also predict
the user’s intent through machine learning, further improving
decoding efficiency and accuracy. In addition, data sharing can
help reduce research costs and promote improvements and
innovations in BCI technology. In short, future applications
of BCI technology for the treatment of dysphonia could be
more intelligent, personalized, and applicable. By combining Al
technology, big data analysis, and closed-loop control strategies,
BCI systems are expected to achieve breakthroughs in decoding
accuracy, treatment efficiency, and user experience, allowing
more efficient and accurate communication.

4.2.2 | Hearing Impairment

Currently, the primary modality used for hearing impairment
therapy is direct current stimulation (DCS). In recent years,
DCS has been used to induce a variety of perceptions in
humans, including sensorimotor, auditory, visual, and phono-
logical. Hearing and other complex perceptions can be evoked
by directly stimulating various regions of the primary auditory
cortex, including Heschl’s gyrus and the temporal lobe, particu-
larly the superior temporal gyrus, where stimulation can cause
auditory hallucinations (dripping, buzzing, and vocals) [129].
Hong and colleagues have developed a closed-loop speech BCI
brain stimulation system with a decoder that converts silent
speech into signals that, in turn, are used to synthesize audible
speech. Al-based decoders are also used to analyze the speech
of others, extract relevant language or sound features, map them
to specific brain regions, and then induce corresponding speech
perceptions in the user [130]. While there has been some progress
in the application of DCS to treat auditory impairments, there
are several outstanding challenges to evoking the perception
of artificial speech. First, the brain regions involved in speech
cognition are highly distributed and complex at both the regional
and network levels; neural activity in speech areas is often
reduced under electrical stimulation, and it is difficult to induce
recognizable speech perceptions. These issues have resulted in
inconsistent perceptions induced by stimulation of the same area
across patients [130-132]. In response to these problems, some
research groups have instead included the use of visual speech
to enhance the recognition and processing of auditory speech. A
cross-modal interaction between the visual and auditory cortices
has been found [133], suggesting that the use of both visual and
auditory speech may be more effective. In addition, multi-site
stimulation has shown promise for improving the efficacy of
speech coding. For instance, a multi-point stimulation protocol
was used to improve DCS-evoked speech perception by first
identifying nodes that display activity during a working memory
task and then simultaneously stimulating both nodes to achieve
improved performance [134].

For individuals with hearing impairments, speech communi-
cation in multi-speaker environments poses significant chal-
lenges. While people with normal hearing can effortlessly
shift their attention from one speaker to another, this task
is considerably more difficult for those with hearing dis-
abilities [135]. However, BCI technology combining advanced
algorithms may assist hearing-impaired individuals in focusing
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on specific conversations in noisy environments. To this end,
several groups have developed brain-controlled hearing assis-
tance systems that integrate auditory attention decoding with
either binaural speech separation models [136] or single-channel
speech separation algorithms [137]. By analyzing intracranial
electroencepholography or invasive ECoG data, these systems
can separate multiple speech streams while preserving spatial
information. Besides, they can also predict motion trajecto-
ries to enable the effective identification and enhancement of
the speaker of interest while maintaining the spatial context
and speech quality of the conversation [136, 137]. This model
incorporates multiple speakers, natural background noises, and
turn-taking conversations, with speakers moving dynamically
in space, making it more realistic and applicable to real-
world scenarios. Such advances hold significant potential for
broader application, offering hearing-impaired individuals a
more natural and effective way to engage in multi-speaker
communication.

However, research on BCI therapy for hearing impairment is still
in the preliminary exploration stage, and the number of related
studies is limited, with most still at the laboratory research level.
Unlike the BCI model for movement disorders (signaling from
the central nervous system to peripheral effectors and, in some
cases, relatively primitive feedback), the BCI treatment model
for hearing impairment requires the transmission of complex
sensory information from the peripheral auditory system to
the central auditory cortex for precisely patterned activation of
cortical circuits. However, the individual structures and network
organization of the primary auditory cortex, secondary auditory
cortex, and higher auditory sympathetic cortex are highly com-
plex, and precise localization and stimulation still present great
challenges. Thus, existing BCI technologies can only produce
simple auditory perceptions, such as single-frequency pure tones,
which are insufficient for speech recognition and complex sound
processing. In addition, the auditory perception generated by
BCI stimulation is random and unstable, and it is difficult to
generate the same cortical speech response repeatedly to the same
input, so these systems are not ready for actual communication
scenarios.

Nevertheless, by exploring the neural mechanisms of speech
perception and processing in detail and clarifying the func-
tional characteristics of the auditory cortex and its related
neural networks, we can provide a theoretical basis for precise
stimulation and the induction of cortical responses perceptible
as speech. It is expected that the complexity and stability of
auditory perception will be improved by developing synergistic
stimulation schemes for multiple auditory-related brain regions
and by combining multiple parameters (e.g., frequency, inten-
sity, timing) to optimize the stimulation pattern. In addition,
a closed-loop BCI system based on real-time NF has been
developed that can dynamically adjust stimulation parameters
according to the patient’s neural activity for adaptive regulation,
thereby improving the treatment effect. The combination of
Al and deep learning technologies to optimize the processing
and decoding of EEG signals will also further improve the
accuracy and reliability of BCI systems for auditory perception.
The applications of BCI systems with various signal measure-
ment, encoding, and control technologies are illustrated in
Figure 3.
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FIGURE 3 | BCIcombined with other technologies. BCI can be used
in combination with a myriad of other technologies, including functional
electrical stimulation (FES), deep brain stimulation (DBS), extended
reality (XR) + gaming, vocoder, and action observation therapy (AOT), to
diagnose and treat diseases. The FES component directly stimulates mus-
cles (e.g., for limb movement) via electrodes controlled by system output.
The DBS component shown here has two electrodes, one for transcranial
magnetic stimulation (TMS) and the other for transcranial electrical
stimulation (TES). Electrodes for DBS may also be inserted within
specific brain structures, such as the basal ganglia for Parkinson’s disease
treatment. In the XR + gaming panel, the user wears virtual reality (VR)
glasses to play a game, and the signal collection and processing modules
provide feedback stimulation to the brain for improved performance (or
external device control). The vocoder component collects the EEG signal
of aphasia patients through an ECoG electrode, analyzes the phonemes,
words, and sentences, and then synthesizes sound waves to generate
artificial speech. The AOT panel shows the user observing the movement
of others on the display, which activates mirror neurons in the brain
controlling the same action. Surface electromyography (SEMG) is used to
measure muscle movement, and an inertial measurement unit (IMU) is
used to measure body movement trajectory. FES uses information from
sEMG and IMU to control the muscle activation pattern.

4.3 | Mental Disorders

In recent years, numerous BCI technologies have been inves-
tigated for the treatment of mental illnesses. As an emerging
cognitive training tool, BCI has shown great potential. Most of
these BCI studies have focused on the diagnosis and treatment of
depression and autism.

43.1 | Autism

People with autism spectrum disorder (ASD) often have difficulty
sharing attention on a particular object with others, a condition
termed impaired joint attention. Common examples of joint
attention include following another person’s gaze or making a
pointing gesture toward an object to establish shared attention.
The integration of P300-based BCIs with VR technology can
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effectively guide attention toward specific objects [138]. One study
reported that P300-based BCI combined with VR joint attention
training on 15 patients with ASD resulted in a higher average
accuracy than traditional machine learning methods [139]. This
study provides a valuable resource for the further development of
P300-based BCI algorithms for ASD.

People with ASD also have social and cognitive impairments
that are strongly associated with deficits in the patient’s error-
monitoring process [140]. Pires et al. developed a BCI system
based on involuntary NF for cognitive training to help people
with ASD improve their error-monitoring ability [141]. In the
application study, 10 healthy subjects and 1 high-functioning
autistic subject were asked to observe the facial expressions
(happy or sad) on the screen and judge whether the virtual
image’s movements were correct based on the facial expression.
At the same time, a reinforcement learning algorithm was used to
determine the optimal strategy according to subject judgments.
In addition, with the help of an error-related potential (ErrP)
detector [142], the EEG signals of the subjects were analyzed in
real-time to identify the neural activity associated with incorrect
judgment. The average accuracy of ErrP detection was 77.1% in
mode 1 with no feedback (i.e., only observing the agent’s learning
process) and 81.6% in mode 2 with feedback (showing the agent’s
learning progress through a green progress bar). All subjects
successfully helped the agent in learning the optimal strategy in
at least one test, validating the feasibility of the proposed BCI
approach and providing a foundation for future clinical trials
in the ASD population. This method is expected to serve as an
effective tool for cognitive training in ASD populations, helping
individuals improve their error detection and social interaction
skills.

It is also important to assess and regulate the psychological
state of people with autism. In one study, the long short-term
memory recurrent neural network (LSTM RNN) model with BCI-
EEG was applied to identify the psychological stress states of
adolescents with ASD and healthy adolescents, and the system
achieved an overall accuracy of 93.27%. These findings support
the accuracy and generalizability of the two-layer LSTM RNN
model for real-time assessment and alleviation of psycholog-
ical stress using EEG-based BCIs [13]. Another clinical study
improved the psychological state of an autistic male adolescent
with comorbid ADHD using BCI for entertainment. Further,
the patient demonstrated increased interest and participation in
related activities, and the effect was superior to other forms of
recreation [10].

At present, the application of BCI technology is primarily focused
on the treatment of core ASD symptoms such as joint attention
disorder, social deficits, cognitive impairments, and negative
psychological states. Using these BCI systems, patients receive
specialized training on attention, mental state control, cognitive
function, and social interaction, thereby improving social adapt-
ability and quality of life. However, current applications of BCI for
autism treatment have not yet included direct brain interventions
due to the distributed and still largely mysterious nature of the
underlying neuropathology. Indeed, autism is a highly hetero-
geneous neurodevelopmental disorder involving abnormalities
in multiple brain regions and neural circuits, making direct
neurological intervention especially difficult. Therefore, future

research should focus on identifying autism-related EEG/ERP
potentials or other features of neural activity to pinpoint abnor-
mal areas in the brain. It may then be possible to attempt such
targeted intervention by combining BCI with DBS, TMS, or
tDCS. In addition, future research must explore the combined
application of closed-loop stimulation, NF training, and behav-
ioral observation therapy to improve the therapeutic effect of
BCI. For example, a closed-loop BCI system that automatically
adjusts stimulation parameters based on a patient’s real-time
brain activity could enable personalized treatment despite the
heterogeneity of the disorder. Also, BCI systems combined with
AT algorithms are expected to further improve the accuracy of
signal decoding, providing more accurate and efficient treatment
options for patients with autism.

In conclusion, although the application of BCI technologies for
autism treatment is still in the exploratory stage, these systems
have shown significant potential to improve the core symptoms.
In the future, through in-depth research on the neurobiological
mechanisms of autism, combined with multimodal neuromod-
ulation technology and intelligent algorithms, BCI is expected
to become an important treatment tool, bringing new hope to
patients and their families.

4.3.2 | Depression and Anxiety

Major depressive disorder (MDD) is among the most com-
mon psychiatric disorders, but clinical diagnosis can be time-
consuming and ultimately inaccurate [143]. Peelle et al. have
developed an automated BCI-EEG system to classify and score
patients with depression based on the spatial distribution of
specific EEG frequency bands to improve the success rate of
clinical diagnosis [144]. The investigators used two residual
neural networks for EEG monitoring during specific tasks to
classify depression and score depression severity [145]. A com-
parison of 52 healthy college students and 48 patients with MDD
revealed significantly lower response accuracies and response
times on working memory tasks among patients with mild
depression compared to controls. This system provides a new
method for the early detection and evaluation of depression.
Future research is warranted to further optimize the model
and explore more effective treatments for depression based on
BCIL.

In addition, Pizzagalli et al. integrated psychoneurotherapy
(PNT) and BCI-EEG to treat patients with MDD [146]. Analysis
of recorded EEG activity revealed excessively strong high-§
activity (18-30 Hz), a common abnormality in patients with
MDD [147]. The intensity of high-§ activity was converted into
a digital signal, filtered, and feature extracted so that the BCI
system could provide feedback. The intensity of high-§ activity
was subsequently presented to the patient in the form of a
graph, and when intensity exceeded a preset threshold, changes
in the graph provided a cue for the patient to regulate their
thoughts and emotions. Before and after treatment, patients were
assessed for depressive symptoms using a self-report question-
naire, and it was found that this combined BCI-EEG plus PNT
intervention modulated brain activity and alleviated depressive
symptoms. In addition, normalization of high-f activity in the
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cortical-limbal/paralimbic region was associated with improve-
ment in depressive symptoms [148].

In another study, 15 patients with anxiety and depressive spec-
trum disorders were randomly assigned to an experimental
and a control group. The experimental group used a Neuro-
Upper device, which analyzes participants’ brain responses to
auditory stimuli and provides real-time feedback in the form
of flashing lights that match the dominant brain rhythm, while
the control group received simple psychoeducation and non-
interactive video viewing [149]. Following the intervention,
Hamilton Depression Rating Scale (HAM-D) scores were sig-
nificantly lower, and cognition significantly improved in the
experimental group compared to the control group. Further, these
changes in HAM-D scores appear to be associated with changes
in beta-1, beta-2, and delta-band power, while improvements in
cognitive function were associated with changes in the theta
band. These findings support the potential of this BCI technique
for regulating emotional states and improving cognitive function.

Brain stimulation technology is rapidly gaining acceptance as
an alternative treatment for MDD. A systematic review and
network meta-analysis of studies on the application of vari-
ous non-surgical brain stimulation techniques for MDD treat-
ment concluded that electroconvulsive therapy (ECT), repetitive
transcranial magnetic stimulation (rTMS), theta burst stimula-
tion (TBS), and tDCS can significantly improve the treatment
response rate compared to the sham control group. Among these
stimulation-based interventions, bitemporal ECT and high-dose
right unilateral ECT were found to be superior to other stimula-
tion techniques [150]. In addition, DBS has demonstrated efficacy
for treatment-resistant depression (TRD). Several research teams
have conducted clinical trials of DBS targeting different brain
regions for the treatment of TRD, including the ventral cap-
sule/ventral striatum [151], cingulate ileus subgenicular sulcus
[152], and the dorsolateral medial anterior tract [153]. Despite
the success of early clinical trials, the use of DBS for TRD
treatment still faces many challenges, such as a strong placebo
effect, clinical trial design flaws, absence of long-term follow-
up, heterogeneity of symptoms, and low commercial viability
[154, 155]. To address these challenges, researchers are working
to develop closed-loop BCI-DBS systems able to automatically
adjust the stimulation strategy based on the patient’s individual
disease phenotype and physiological response, thereby improving
treatment precision. By identifying specific clinical phenotypes
associated with the DBS response, combined with studies of
DBS impact on brain activity, physiological indicators of treat-
ment efficacy can be identified. These next-generation BCI-DBS
systems should also provide response feedback for closed-loop
control. In addition, the introduction of new technologies such as
multi-site stimulation, transcranial ultrasound stimulation, and
timing interference stimulation is expected to further improve
the efficacy of DBS for depression [137]. Despite the limitations
of early clinical trial results, DBS still has significant potential
for the treatment of TRD. Through technological improvements,
optimization of clinical trial designs, and adjustment of treatment
strategies, closed-loop BCI-DBS is expected to become an effective
means of treating TRD.

The potential application of BCI for the diagnosis and treatment
of depression has been studied extensively, including different

stimulation sites and patterns. It is hoped that by combining
NF training and real-time feedback mechanisms, BCI technology
can help patients learn to regulate neural circuits related to
emotion, thereby improving their emotional state and alleviating
depressive symptoms. It is already well known that brain stimula-
tion technology can effectively improve the functional activity of
depression-related brain regions (e.g., prefrontal cortex, cingulate
gyrus), thereby reducing depressive symptoms and improving
treatment effects, so future challenges involve developing BCI-
based control systems for optimal DBS. Treatment may also
be improved by combining BCI with emerging technologies
such as extended reality (XR), gamified design, and NF. VR- or
augmented reality (AR)-based games and appropriate feedback
could provide patients with an immersive treatment environ-
ment that enhances engagement and adherence. In addition to
core symptom relief, these innovative approaches could help
improve cognitive functions and social interactions. By further
optimizing algorithms, improving signal decoding accuracy, and
developing personalized treatment plans, BCI is expected to
become an important tool for precision depression treatment. At
the same time, BCI systems combining multimodal neuromod-
ulation technology and AI algorithms are expected to achieve
more efficient brain region intervention and symptom relief
and provide more comprehensive and personalized treatment
options for patients with depression. The scope of diseases
that may benefit from BCI-based treatments is illustrated in
Figure 4.

4.4 | Other Diseases

Emerging interventions such as XR and gaming have been shown
to improve physiological and cognitive function. Based on these
results, several research groups have explored invasive and NIBS
strategies in combination with cross-platform game engines and
development platforms such as Unity to create bidirectional XR-
based BCIs [98] to treat disease. For instance, on-demand DBS
targeting the medial temporal lobe combined with XR has been
used to enhance memory in AD [108]. Game-based interventions
combined with tDCS have also shown potential for promoting
long-term learning and knowledge retention, including tDCS
targeting the dorsolateral prefrontal cortex to improve perfor-
mance in video games requiring training, learning, and physical
movement [156].

Chronic pain is among the most debilitating conditions in
terms of its impact on quality of life, and pharmacologi-
cal treatments often diminish in efficacy over time or cause
severe adverse effects, including the risk of addiction. As an
alternative, BCI has the potential to improve chronic pain
management by detecting pain signals in real-time and pre-
cisely adjusting treatment. Sun et al. reported good analgesic
effects using a multi-region closed-loop BCI that records LFPs
in the somatosensory cortex and anterior cingulate cortex
and uses optogenetics [7] or DBS to activate the prefrontal
cortex [157].

Several studies have also examined potential BCI-based treat-
ments for ADHD, post-traumatic stress disorder, schizophrenia,
and visual impairment. Due to space constraints, these studies are
summarized in Tables 1-3.
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[192]

All patients regained motor

Machine learning and
statistical models perform

Closed loop: The outputs

Implanted cortical

21 patients with
cervical SCI with

SCI

Levett et al.

2023

function on assigned tasks,
but there was heterogeneity

in the findings and a lack of

include non-invasive

microelectrode
arrays(ICMA, such as the

real-time decoding of
neural signals: Support
vector machines (SVM,
38.1%), linear estimators

functional electrical
stimulation (FES, 47.6%,
such as cuff electrodes),
invasive FES (4.8%), or
external devices (47.6%,

(ECoG) electrodes directly such as mechanical arms).

injury levels
including C4, C5,

Utah array with 96
channels as the main

uniform clinical evaluation

C4/C5, and

criteria.
Invasive BCI techniques
show potential in restoring
motor function, but there is

type) or cortical
electroencephalogram

C5/Cé.

(33.3%), Hidden Markov
models (14.3%), etc., map

All studies achieved neural activity to motor

motor function recovery

record the neural
activities in the motor

currently no technology that

intentions.
The decoding parameters

can fully restore
autonomous function in

through the “neural

cortex, with sampling

are adjusted based on
real-time neural signals to

signal recording-

decoding-functional

rates covering the

patients.

high-frequency
characteristics of neural

adapt to individual

output-feedback”
closed-loop system.

differences.

signals.

5 | Advances in Materials Science for Improved
BCI Electrodes

Most electrodes for invasive BCIs are made of metals such as
tungsten, which have high conductance but poor histocom-
patibility [208], and strain and stress around the implant site
can eventually result in severe inflammation and brain tissue
damage [7, 209, 210]. The inflammation induced by electrode
movement and tissue damage, in turn, leads to the proliferation
of reactive glial cells, forming glial scars, while other immune
cells and fibroblasts form inflammatory deposits encapsulating
the electrodes. When coupled with the adhesion of proteins and
other components on the surface, this process increases electrode
impedance. Inflammatory cells also produce and release cytotoxic
reactive oxygen species as well as degradative enzymes and
acids, resulting in the degradation of electrode materials. The
result is gradually increasing impedance, a decrease in SNR,
and ultimately electrode failure [211-213]. In cases of electrodes
designed to also deliver drugs, these processes may stimulate
excessive release.

These problems have spurred intensive research on alterna-
tive electrode materials, such as carbon fiber, titanium, poly-
mers, nanomaterials, and even biomaterials [214-216]. In this
section, we will describe advances in electrode materials for
BCI.

5.1 | Innovative Electrode Materials

Platinum electrodes are now widely used for long-term nerve
stimulation and recording applications due to the excellent
corrosion resistance, good biocompatibility, and non-allergenic
properties of this metal. In addition, platinum is amenable to
microfabrication techniques for the construction of high-density,
high-precision electrode arrays [217]. Titanium compounds, such
as Ti;C, MXene, are also useful electrode materials due to
low impedance, high SNR, and good biocompatibility [218]. For
stimulating electrodes, iridium oxide has a high charge injection
capacity and low impedance [219], while the transparency of
indium tin oxide electrodes is ideal for optical imaging and
optogenetic studies [220]. In addition, silicon has good biocom-
patibility. Moreover, bulk silicon nanomembranes were found
to dissolve in phosphate-buffered saline at 37°C over 12 days,
indicating good absorption properties for degradable electrodes.
Such degradable electrodes can be fabricated by attaching silicon
nanomembranes to a bioresorbable polylactic acid-glycolic acid
copolymer substrate. These electrodes degrade automatically
after a period of implantation for transient usage, thereby elim-
inating the risks involved in secondary surgical removal [217].
The unique properties of many metal-based nanomaterials also
appear ideal for BCI electrodes. For example, magnetoelectric
nanodisks (MENDs) can convert magnetic fields into electrical
signals, and these metal nanomaterials can be injected into the
brain and trigger calcium signaling responses in neurons under
magnetic field stimulation. Such electrodes could theoretically
replace genetic approaches such as optogenetics, where light-
activated ionic channels are expressed by target neurons for
control of membrane excitability. The use of MENDs could enable
wireless regulation of neural activity, providing a more minimally
invasive alternative to DBS [221]. Moreover, room-temperature
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TABLE 3
Year

The external camera

Simple stimulation: The
stimulation parameters

Implant a 2 mm wide and
30 um thick photovoltaic
microchip, containing 378
pixels with a diameter of
100 um, beneath the atrophic

Five patients with
atrophic AMD and
no macular light

sensation in the

AMD

Mugit et al.

2024

implant was feasible and well
tolerated, with no reduction in natural

captures images, which

are processed by the
pocket processor and then

(light intensity, pulse
frequency) are preset by

peripheral vision over 48 months.
The central vision prosthesis provided

projected onto the retina

an external device,
without a closed-loop
interaction mechanism.

affected eye
(logarithm of the

by photovoltaic nerve stimulation
enabled patients to reliably recognize
letters and letter sequences, and using
the zoom function improved vision by

through AR glasses. The

area of the retina.
Near-infrared light (880 nm)

pixels generate current
intensity differences based

minimum angle of

is projected through
augmented reality (AR)

glasses. The pixels directly

resolution
[logMAR] 1.3-1.7,

on the image’s grayscale.

up to 8 lines of ETDRS letters.

There is no decoding of
brain signals, relying on

20/400-20/1000).

convert the light into local
currents, stimulating inner

preset light stimulation

patterns. There is no

retinal neurons such as

real-time feedback of

bipolar cells.

neural signals.

liquid metals are suitable for long-term neurostimulation appli-
cations owing to their high electrical conductivity and excellent
adaptability [222]. For instance, gallium-based alloys such as
eutectic gallium-indium (EGaln) exhibit favorable electrical con-
ductivity and mechanical properties. Research indicates that
EGaln can be fabricated into flexible neural electrode arrays,
which adapt to the dynamic changes of brain tissue while
maintaining good biocompatibility and stability during long-term
implantation [223]. Additionally, EGaln can be utilized to create
neural conduits for repairing peripheral nerve injuries [224].

5.2 | Carbon Nanomaterials for BCI

Carbon nanomaterials have also emerged as promising candi-
dates for BCI electrode fabrication due to their unique and
highly modifiable physical and chemical properties. Unlike many
other nanoparticle materials, carbon is inherently biocompatible
and non-toxic, and carbon-based nanomaterials are lightweight,
porous, flexible, electrically conductive, and stable, ideal for
implantable neural interfaces and neural tissue engineering
applications [146]. Carbon nanomaterials can greatly improve
the efficiency of neural signal recording and brain stimulation
by reducing electrode impedance and noise [225, 226]. Carbon
nanomaterials can also be fabricated as flexible electrode arrays
for large-area brain mapping and chronic in vivo recording,
and the structural flexibility of electrodes coated with carbon
nanoparticles provides a good mechanical match to surrounding
tissues, which can reduce nerve tissue damage and inflammatory
responses [227, 228]. Carbon nanomaterials can be divided into
three types according to dimension: zero-dimensional, such as
fullerenes and nanodiamonds; one-dimensional, such as nan-
otubes; and two-dimensional, such as graphene and MXenes.
Carbon nanotubes (CNTs) have particularly good electrical con-
ductivity and flexibility for use in neural interface systems.
Similarly, MXene has a rich functional group and good electrical
conductivity for use at bioelectronic interfaces, while graphene
has excellent electron mobility and electrocatalytic activity ideal
for biosensing electrodes. Other advantages of graphene include
transparency, conductivity, biocompatibility, and mechanical
flexibility, ideal for the future development of micro-ECoG tech-
nology and various long-term applications. The transparency of
graphene is also advantageous for optogenetic BCIs [229].

Although CNTsand MXenes exhibit favorable initial mechan-
ical properties, prolonged exposure to the dynamic cerebral
environment—characterized by mechanical stresses such as
compression, tension, and shear forces in brain tissue—may
lead to material degradation. The long-term utility of CNTs is
constrained by surface hydrophobicity, residual metal catalysts,
and interference with ion channels, while MXene’s stability
requires further investigation [230]. To address these chal-
lenges, researchers have developed MXene/CNT heterostructures
[231]. These leverage ester bond linkages to expand interlayer
spacing, facilitating ion migration and storage, thereby enhanc-
ing mechanical deformability and cyclic stability. Alternatively,
cationic amino-functionalized multi-walled CNTs serve as inter-
layer spacers, mitigating MXene nanosheet restacking while
promoting charge transfer. This configuration improves electric
double-layer capacitance and mechanical stability by preventing
interfacial water layer formation [232].
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FIGURE 4 | The diseases treatable with brain-computer interface technology. Region A displays a 3D brain model of functional connectivity
abnormalities in depressed patients, with markedly reduced connectivity in the anterior cingulate cortex (ACC) (a). Major depressive disorder (MDD)
patients exhibit lower activation in the prefrontal cortex (e.g., DLPFC, VLPFC), insula, and basal ganglia (b), and significantly decreased activity in the
right DLPFC and left VLPFC under positive emotional interference (c). Region B shows the substantia nigra region in the midbrain. Panel (a) shows
the midbrain substantia nigra region. Panel (a) reveals the absence of the high signal (“swallowtail” sign, white arrow) in the dorsal lateral substantia
nigra of Parkinson’s disease (PD) patients compared to healthy controls (HC), indicating neuronal cell damage in the substantia nigra pars compacta.
Panel (b) illustrates the progression of structural changes in PD patients’ brains from early to late stages (white to deep red), while panel (c) shows a
snapshot of these changes in a 3D-rendered brain. White matter (WM) integrity declines first in commissural tracts (e.g., corpus callosum), spreading
via association tracts (e.g., cingulum, fronto-occipital fasciculus) to projection tracts (e.g., corticospinal tract). Cortical gray matter (GM) thinning begins
in the somatosensory cortex and spreads through association cortices (parietal, temporal, occipital lobes) to the prefrontal cortex. Region C depicts
overlapping lesion areas in stroke patients. “L” and “R” denote left and right hemispheres, respectively. Panels (a) and (b) represent two datasets. The
primary lesion sites in stroke patients are concentrated in the basal ganglia and pons. Region D shows overlapping lesion areas in aphasia patients. Color
intensity indicates the number of patients with lesions in specific voxels. Numbers below axial and sagittal views denote MNI z- and x-plane coordinates.
“L” and “R” represent left and right hemispheres. Lesions are primarily localized to frontal and temporal lobes, suggesting severe involvement in aphasia
patients. Region E compares spinal cord cross-sectional areas between spinal cord injury (SCI) patients and controls. SCI patients exhibit significantly
reduced spinal cord cross-sectional area compared to controls.

For CNT hydrophobicity, surface functionalization with
hydrophilic groups (e.g., carboxyl, hydroxyl, amino,
or polyethylene glycol) enhances biocompatibility and

robustness [237]. Collectively, these strategies overcome material
limitations in dynamic biological environments, advancing
their applicability in neural interfaces. Additionally, emerging

stability [233]. Incorporation of bioactive molecules such as
neurotransmitter receptors or cell adhesion factors further
strengthens neural tissue integration [234]. Composite systems
integrating carbon nanomaterials with elastic polymers
(e.g., polydimethylsiloxane [PDMS]) significantly improve
mechanical elasticity and electrochemical stability [235, 236].
Additionally, CsPbBr; quantum dots coupled with MXene form
hybrid structures where quantum dots boost photocurrent
generation, excitatory postsynaptic currents, and signal linearity,
while MXene nanosheets act as mechanical scaffolds. This
synergy achieves high optoelectronic efficiency and mechanical

materials like bacterial cellulose [215] and conductive hydrogel
[238] show promise in balancing biocompatibility and long-term
stability, representing frontier directions in electrode design.

5.3 | Composite Materials for BCI Applications

Composite materials that combine polymer materials, metal
materials, and biomaterials, such as conductive hydrogels, are
also evolving [235]. Conductive polymers, such as PEDOT:PSS,
are considered ideal for neural electrodes due to their low
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impedance, high charge storage capacity, and favorable mechan-
ical properties [239]. Hydrogel materials also serve as excellent
interfacial materials for connecting flexible electronic devices
with biological tissues, owing to their superior stretchability and
biocompatibility [222]. A flexible Cu-TiO,-CNT-PDMS composite
fabricated by adding copper sulfate crystals, titanium dioxide
nanoparticles, and CNTs to a PDMS matrix demonstrated high
flexibility, adhesion, and biocompatibility as well as antimicro-
bial properties [56]. These materials have shown considerable
promise for maintaining long-term stability at neural interfaces
by preventing scarring and inflammatory tissue damage caused
by electrode implantation [226]. Moreover, these electrodes can
be designed for the on-demand delivery of anti-inflammatory
drugs and neurotrophic factors. Zhu et al. coated nichrome
electrodes and CNT fiber electrodes with a composite consisting
of sulfonated quartz nanoparticles loaded with melatonin (MT)
in poly(3,4-ethylenedioxythiophene) (PEDOT) by electrochem-
ical deposition (PEDOT/SNP-MT-coated electrodes) to achieve
controlled release of MT with electrical stimulation and found a
significant reduction in the number of astrocytes at the implan-
tation site [240]. This study highlights the potential of novel
composites for improving the stability and prolonging the lifetime
of implantable electrodes. Similarly, polyaniline-gelatin—sodium
alginate conductive hydrogel coatings and dexamethasone-
doped PEDOT coatings have also been demonstrated to reduce
electrode-site inflammation and maintain stability for long-term
use [238, 241].

In the field of BCI technology, the introduction of intelligent
and biodegradable materials plays a significant role in reducing
the risk of secondary surgeries and enhancing the long-term
performance of implants. Stimuli-responsive polymers such as
pH- and temperature-sensitive materials can automatically adjust
their structure and function in response to changes in the
in vivo environment, enabling self-adaptation and degradation.
pH-responsive polymers typically respond to changes in the
body’s pH by altering their surface charge or chain structure.
For example, in acidic environments such as tumor microen-
vironments or inflamed tissues, the polymer chains undergo
protonation reactions, leading to chain cleavage or structural
changes [242]. Additionally, the degradation pH of these polymers
can be precisely controlled by adjusting the ratio of functional
groups within the polymer. For instance, degradation can occur
rapidly at pH 5.0 but remains stable at physiological pH 7.3
[243]. Temperature-responsive polymers, on the other hand, reg-
ulate their functionality through thermoresponsive phase tran-
sitions. A well-known example is poly(N-isopropylacrylamide),
which undergoes a conformational transition from extended to
collapsed states near body temperature (approximately 32°C),
thereby modulating its solubility and permeability [244]. This
temperature-dependent behavior is exploited in the design of
self-healing or deformable implantable devices to adapt to in
vivo conditions [245]. Nanoscale silicon films achieve controlled
degradation through surface chemical modification and struc-
tural design. For example, the introduction of thiol groups or
the regulation of nanopore density can modulate the degradation
rate of silicon nanomaterials [246]. The degradation process
of nanosilicon typically involves hydration, hydrolysis, and ion
exchange, all of which are influenced by particle size, surface
functionalization, and environmental pH [247]. By precisely
controlling these parameters, nanosilicon films can achieve

controlled degradation under specific physiological conditions,
thereby reducing the need for secondary surgeries [245].

In recent years, nanozyme-based electrode optimization has
emerged as a highly promising strategy, offering innovative path-
ways to enhance the overall performance of BCI electrodes. By
mimicking the catalytic activity of natural enzymes, nanozymes
exert unique effects at the electrode interface. The core advantage
of this optimization strategy lies in the ability of nanozymes
to significantly improve the electrochemical properties (e.g.,
reducing interfacial impedance, enhancing charge transfer effi-
ciency) while simultaneously enhancing biocompatibility (e.g.,
mitigating inflammatory responses, suppressing glial scar forma-
tion [248]). The underlying mechanism involves utilizing their
enzyme-like catalytic activity to modulate the microenvironment
at the electrode-tissue interface, thereby synergistically opti-
mizing both electrical signal transmission and biological tissue
responses. Research has confirmed that functionalized coatings
based on nanozymes, such as platinum nanoparticles, effec-
tively maintain the stability and biocompatibility of chronically
implanted electrodes [249]. Such strategies represent a significant
breakthrough direction in electrode design, providing a novel
paradigm to resolve the inherent trade-off between electrical
performance and biocompatibility inherent in traditional elec-
trode materials. Furthermore, advances in the design of novel
nanozymes, including metal-organic frameworks, are expected
to further advance the development of neural interfaces with a
high SNR and superior biocompatibility upon their integration
into BCI electrodes [250].

In addition to selecting highly biocompatible materials for the
manufacture of electrodes, such as platinum, iridium, titanium,
and conductive polymers, various research groups are exploring
new electrode materials with modifications such as surface
coatings, peptide deposition, and laser or plasma modifica-
tion mechanisms (e.g., hierarchical electrodes [251]) to improve
electrochemical performance and reduce tissue reactions [252,
253]. Several studies have also reported that electrodes coated
with platelet plasma and mesenchymal stem cells can promote
the regeneration of neural tissue and reduce the inflammatory
response [254-256]. Also, there is currently an intensive effort
to develop encapsulation materials that resist degradation. One
study found that the encapsulation material surrounding a UTAH
electrode array implanted in the human cerebral cortex gradually
degraded after implantation, which led to a decrease in signal
quality [257]. Therefore, the development of new protective
materials (e.g., polymers) is essential to prevent material degra-
dation and maintain electrode performance for long-term BCI
applications. For example, depositing a silica film on the surface
of high-temperature metal electrodes can effectively enhance
electrode stability and extend electrode longevity [234].

Furthermore, synthesis methods for novel neural electrode mate-
rials, such as wet spinning, laser patterning, and 3D printing,
help optimize the mechanical properties, electrochemical per-
formance, and biocompatibility of electrodes. This meets the
requirements of neural interfaces for long-term stability and
high sensitivity. Wet spinning is utilized to fabricate freestanding
electrodes with controllable pore structures, enabling precise
control over fiber diameter and surface morphology [258]. This
enhances electrochemical activity and mechanical strength and is
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FIGURE 5 | Advancesin BCI electrode materials. A variety of materials are used for BCI electrode fabrication, each with individual advantages and
disadvantages. Newer electrode metal materials included platinum (Pt), iridium oxide (I0), indium tin oxide (ITO), and silicon (Si). PEDOT/SNP-MT is
shown as an example of a composite polymer material used to coat carbon nanotube (CNT) electrodes in the cerebral cortex for combined stimulation
and drug delivery. PEDOT (poly(3, 4-ethylenedioxthiophene)) is a flexible hydrogel polymer with quartz nanoparticles (SNPs) attached. These porous
electrodes can be loaded with melatonin (MT), which is released upon stimulation into the surrounding tissues. The carbon fiber materials section
illustrates three dimensions of these materials, carbon nanotubes, graphene, and Mxene. Another image shows a flexible carbon fiber electrode used for

implantation.

widely applied in producing graphene oxide fibers and CNT fibers
[259]. Through laser patterning and 3D printing, micro/nano-
scale processing and microstructural optimization of electrodes
can be achieved, facilitating the fabrication of polymer coatings.
These advancements improve insertion success rates in brain
tissue and long-term stability [260, 261].

Some of these new materials with promising applications in BCI
systems are illustrated in Figure 5. In addition, Table 4 compares
the properties of several different materials.

6 | Endovascular BCI, Optogenetics BCI, and
Other Emerging Directions

As discussed, traditional invasive electrode placement methods
can lead to a range of complications such as hematoma, infec-
tion, and blood-brain barrier disruption. Further, implantable
electrodes are not suitable for signal acquisition across large
areas or multiple recording sites. However, non-invasive scalp
electrode arrays have limited measurement depth, spatial pre-
cision, and sensitivity [266]. To circumvent these limitations,
Mitchell and colleagues have proposed a new endovascular
pathway for BCI electrode implantation [267]. This endovascular
approach is significantly less invasive than open surgery, thus
reducing postoperative recovery time and the risk of infection.
In addition, many important neuromodulation targets in the
central and peripheral nervous systems are located in the vicinity
of vascular structures, so delivery of electrical stimulation is
still possible [268]. Compared to traditional invasive or non-

invasive BCI electrodes, intravascular BCI electrodes can also
record from or stimulate deeper brain regions. Further, the
intravascular environment is relatively stable, reducing the risk
of electrode displacement and improving overall electrode relia-
bility and longevity for signal recording. Intravascular electrodes
can also be used to stimulate both brain tissue and peripheral
nerves as an alternative to DBS, TMS, and FES [269]. Also, by
incorporating a closed-loop stimulation system, intravascular BCI
can dynamically adjust stimulation parameters based on real-
time monitoring of brain activity, optimizing treatment outcomes
[270].

It is expected that signal measurements and stimulation will
be further improved by the development of smaller and more
flexible miniature electrodes and by the optimization of the
design of intravascular electrodes. For example, ultra-miniature
electrodes fabricated with flexible electronic materials and nan-
otechnology can better adapt to the intravascular environment
and reduce damage to blood vessel walls, improving the fidelity
and duration of signal acquisition. In addition, closed-loop
control systems combined with AI algorithms could provide
more accurate individualized neuromodulation for the treat-
ment of neurological diseases. In conclusion, interventional
BCI, as an innovative technology path, is expected to become
an important tool for the treatment of neurological diseases,
providing patients with safer and more effective treatment
options.

Brain stimulation techniques have also improved owing to devel-
opments in materials science, greater knowledge of brain net-
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works, and novel stimulation modalities. These modalities can be
divided into three main categories: electromagnetic stimulation
[271], ultrasound stimulation [272, 273], and photostimulation
[274]. The most common magnetic stimulation technique is
currently TMS [275]. Electromagnetic stimulation modalities
such as conventional DBS, rTMS, TBS, tDCS, and TMS are widely
used in BCI systems but have low spatial resolution [276]. In
contrast, ultrasound stimulation and photostimulation can be
highly precise. Ultrasound technology uses sound waves to act on
mechanically sensitive voltage-gated ion channels, opening the
channels through mechanical deformation to regulate neuronal
excitability and circuit activity. The two major forms of ultrasound
stimulation are transcranial-focused ultrasound and transcra-
nial unfocused ultrasound [277]. Compared to electromagnetic
stimulation, ultrasound stimulation has higher spatial resolution
and penetration depth, but its application in BCI is still in
the exploratory stage. Photostimulation techniques, particularly
optogenetics, enable precise regulation of neuronal and neural
circuit excitability, including deep neurons and circuits, because
photosensitive channel expression is restricted to target neurons
[278]. Optogenetics BCI has made rapid progress in recent years
and has been widely used in laboratory research. Compared to
traditional BCI technology, optogenetics BCI has shown other
unique advantages. First, by adjusting the wavelength, frequency,
and power of light stimulation, combined with the localized
expression of photosensitive proteins, optogenetics can achieve
precise regulation of specific neuronal populations at specific
time points and avoid interference by non-target neurons [279,
280]. Second optogenetics BCIs support bidirectional regulation
of neurons by selectively activating or inhibiting neuronal activ-
ity [281, 282]. In addition, optogenetics can enhance neuronal
plasticity and provide new possibilities for neurorehabilitation
[283, 284]. In experimental studies, optogenetics BCI has been
successfully applied to the precise regulation of a variety of brain
regions. For example, the cortex was stimulated by optogenetics
to achieve significant inhibition of pain perception in rats and
precise regulation of tactile perception in mice [283-287]. The
optogenetic approach has also provided a new experimental
strategy for elucidating the neural mechanisms of depression and
evaluating potential treatments [288]. These research results not
only support the effectiveness of optogenetics BCI for neuromod-
ulation but also lay the foundation for its application in a wider
range of fields.

Optogenetics BCI has also shown potential in the fields of
neural circuit function analysis, limb motor function rehabil-
itation, and neurological disease treatment. For example, by
incorporating virtual sensory feedback technology, optogenetics
BClIs are expected to achieve high-precision decoding of neural
inputs, thereby providing prosthesis users with a more real-
istic limb perception experience. In addition, with the rapid
development of closed-loop BCI technology, it has become
possible to combine closed-loop regulation with optogenetics
BCI. By monitoring neural activity in real-time and dynamically
adjusting photostimulation parameters (e.g., light intensity and
frequency), closed-loop optogenetics BCI enables more efficient,
precise, and personalized neuromodulation. This technological
integration not only improves the spatiotemporal resolution and
control accuracy of optogenetics but also provides an innovative
technical path for the individualized treatment of neurological
diseases.

The integration of optogenetic techniques into BCIs presents both
innovative potential and significant technical and ethical chal-
lenges. While optogenetic control offers unprecedented opportu-
nities for neural decoding due to its precision, the requirement for
genetic modification introduces practical barriers, including lim-
itations in light penetration depth and risks associated with viral
delivery vectors, such as concerns over non-targeted expression
and immune responses, alongside the potential for brain tissue
damage caused by fiber optic implantation [7]. To overcome these
issues, several advancements are being pursued. Development
of wireless optoelectronic BCIs demonstrates improved tissue
compatibility and reduced surgical invasiveness, while micro-
optrodes enhance spatial resolution and minimize tissue injury
[7]. Concurrently, non-viral gene delivery systems, including
electroporation [289] and nanoparticles, are being optimized for
targeted expression in specific neuronal populations, mitigating
risks of immune reactions and chronic inflammation [290].
Furthermore, enhanced optogenetic tools with faster activation
kinetics, such as channelrhodopsin variants, reduce the need for
high-intensity light irradiation, thereby increasing safety [291]. To
address light penetration limitations, upconversion nanoparticles
[292] enable excitation in deep tissue using low-energy near-
infrared light, reducing phototoxicity. Additionally, multimodal
integration employing non-invasive techniques like fNIRS or
fMRI allows for monitoring and feedback, lessening reliance
on deep tissue stimulation [7]. Moreover, ultrasonic genetics
[277], a non-invasive neuromodulation method capable of acti-
vating mechanosensitive ion channels without penetrating the
skull, presents an alternative, although its translational potential
remains to be fully validated. Ethically, while technological
progress is crucial, the clinical translation of optogenetic BCIs
necessitates robust frameworks. Clinical translation requires
prioritizing biosafety in preclinical studies and employing strin-
gent patient selection criteria in clinical trials, for instance,
focusing on end-stage diseases where benefits clearly outweigh
risks. Ultimately, personalized treatment planning and rigorous
informed consent protocols are essential to balance therapeutic
benefits against potential risks. Furthermore, multidisciplinary
collaboration among neuroscientists, engineers, and ethicists is
imperative to ensure responsible innovation and address societal
implications [293]. Future research should prioritize long-term
biocompatibility and scalable manufacturing to accelerate the
clinical viability of these technologies.

The development of carbon nanomaterials is among the most
valuable recent technical advances for BCI systems. First, carbon
nanomaterials have excellent electron transport properties and
surface oxide adsorption capacity [294], enabling them to detect
a variety of neurotransmitters and biochemical markers with
high sensitivity, including dopamine, ascorbic acid, serotonin,
L-lactic acid, nitric oxide, and inflammatory factors [295-298].
Changes in the concentration of these neurotransmitters and
biochemical molecules are closely related to the pathological
mechanisms underlying a variety of neuropsychiatric disorders,
such as PD, AD, MDD, schizophrenia, and drug addiction [299-
301]. Therefore, carbon fiber electrodes can not only monitor
the dynamic changes of neurotransmitters in real time but
also assess the progression of neurological diseases, providing
an important basis for early diagnosis and precise treatment
[302, 303]. In addition, carbon nanomaterials are highly suitable
as drug delivery platforms due to their rich lumen structure
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and good biocompatibility. Indeed, carbon nanomaterials have
been successfully used for the targeted release of a variety of
drugs, including the anti-inflammatory dexamethasone, gluta-
mate AMPA/kainate receptor antagonist DNQX, the antitumor
agent doxorubicin, sodium fluorescein, and insulin-like growth
factor-1 [304-307]. This drug delivery capability enables carbon
fiber electrodes to not only detect neural activity but also modu-
late activity through local drug release, a capacity with potential
treatment applications for a myriad of neuropsychiatric disorders.
For example, in the treatment of PD, carbon fiber electrodes
can achieve dynamic regulation of the disease by monitoring
dopamine levels in real time and releasing therapeutic drugs
in addition to exciting relevant neural pathways involved in
motor control. With further optimization of carbon nanomaterial
preparation technology and improvements in BCI algorithms,
carbon electrode BCI is expected to become a routine strategy for
the diagnosis and treatment of neuropsychiatric disorders.

7 | Selection of Animal Models and Pathways for
Clinical Translation

In BCI research, the selection and optimization of animal models
are critical for achieving long-term (>6 months) implantation
studies. The choice of animal models must be based on their
alignment with the pathophysiology, genetic characteristics, and
behavioral phenotypes of the target diseases. For example, in
movement disorders, genetically modified mice or rats (e.g.,
SNCA mutant mice, Huntington’s disease mouse models) can
simulate the pathological features of PD or Huntington’s chorea
[308-310]. Similarly, models of cerebral ischemia, traumatic brain
injury, and SCI include transient middle cerebral artery occlusion
models in mice and bilateral cerebral ischemia models in rats
[311]. However, rodents often exhibit signal degradation and
unstable tissue responses after long-term implantation, such
as meningeal encapsulation and neuronal damage, whereas
non-human primates, such as macaques, are better suited for
long-term signal recording and chronic implantation due to their
anatomical similarity to the human brain [312].

In psychiatric disorders, the selection of animal models must
consider the similarity between their behavioral phenotypes and
those of human diseases. For instance, transgenic mice with
specific gene mutations (e.g., DISC1, COMT) can be used to model
early symptoms of schizophrenia [313]. However, these models
often fail to fully replicate the complex emotional and cognitive
impairments observed in human psychiatric disorders [312]. In
neurodegenerative diseases such as AD, animal models include
APP/PS1 mice and TgCRND8 AD mice, while PD models are
typically induced by 6-hydroxydopamine (6-OHDA) injections
[311]. These models are valuable for studying the pathophysiology
and therapeutic strategies of neurodegenerative diseases, but
their limitations in capturing the complexity of multi-system
involvement are evident [314].

In the context of BCI applications, the selection of animal models
must balance the complexity of the disease, signal stability, and
the controllability of tissue responses. Long-term implantation
studies require not only the stability of signals but also the
integration of behavioral and neuropathological assessments to
comprehensively evaluate the suitability of the model. Behavioral

assessments (e.g., open-field tests, social interaction tests) can
quantify behavioral abnormalities in the model, thereby assessing
its similarity to human diseases. Neuropathological assessments
(e.g., tissue section analysis, immunohistochemistry) help eval-
uate the effects of chronic implantation on neural tissue, such
as neuronal degeneration, axonal injury, and myelination [315].
The combination of these assessments enhances the predictive
power of the model and provides critical insights for optimizing
the design and materials of implantable devices.

However, the limitations of animal models in clinical translation
are significant. Species differences can lead to inconsistencies
in behavioral phenotypes and neural mechanisms. For example,
although rodent models can simulate certain early symptoms
of psychiatric disorders like schizophrenia, they often fail to
fully replicate the complex emotional and cognitive impairments
seen in humans [316]. Additionally, many therapeutic strategies
that show promise in animal models have failed in clinical
trials, highlighting the need for improved predictive accuracy and
generalizability [317]. Future research should focus on refining
the selection criteria for animal models, integrating long-term
behavioral and neuropathological assessments, and developing
advanced implantable devices and materials. The adoption of
multimodal analytical approaches, such as automated behavioral
monitoring, in vivo imaging, and epigenetic analysis, will fur-
ther enhance the translational potential of animal models and
accelerate the development of BCI technologies for real-world
applications [318].

The BCI technology faces numerous challenges during its clinical
application process, including technical maturity, regulatory
approval, patient acceptance, and long-term efficacy assessment.
Studies have shown that the clinical transformation of BCI
requires multidisciplinary collaboration, involving the deep inte-
gration of fields such as neuroscience, engineering, Al, and
clinical medicine [319]. For instance, the application of non-
invasive BCI technology in the fields of assistive and alternative
communication has shown promising results. However, its large-
scale clinical application still requires addressing issues such as
the stability of the equipment, user training, and personalized
adaptation [320]. Therefore, future research should focus on
how to promote the clinical application of BCI technology by
optimizing algorithms, enhancing signal processing capabilities,
and developing user-friendly interfaces [321].

From the perspective of technological transformation, the clinical
application of BCI typically goes through the following key stages:
basic research and prototype development, preclinical research
and animal experiments, clinical trials and ethical review, regu-
latory approval and product standardization, as well as large-scale
clinical application and long-term follow-up. During the basic
research stage, researchers need to clearly define the target
population and clinical needs, such as restoring motor function
in paralyzed patients or achieving early warning in epilepsy
patients. Subsequently, the prototype device needs to undergo
animal experiments to verify its safety and effectiveness and then
enter the clinical trial stage to assess its performance in real
environments and potential side effects [319, 322, 323].

During the clinical transformation process, regulatory and ethical
issues cannot be ignored either. For instance, the Food and Drug
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Administration in the United States and the CE certification sys-
tem in Europe have relatively strict approval procedures for BCI
devices, requiring the provision of sufficient clinical evidence and
long-term safety data. Furthermore, patient privacy protection
and data security are also important ethical issues that must be
taken into consideration in the clinical application of BCI. Stud-
ies have shown that establishing interdisciplinary cooperation
mechanisms (such as neuroengineers, clinicians, ethicists, and
policymakers) is crucial for the smooth transformation of BCI
technology [319, 323, 324].

The clinical application of BCI not only depends on technological
advancements but also requires the establishment of a complete
medical service system and a user support system. For instance,
users of BCI devices may require long-term rehabilitation training
and psychological support to facilitate their sustained use in daily
life. Therefore, beyond technological optimization, future study
should also focus on establishing an ecosystem that supports
the clinical application of BCI, covering multiple aspects such
as policy, healthcare, education, and industry, and achieving
collaborative efforts in all these areas [319, 323, 324].

8 | Discussion

The BCI-based treatment is currently transitioning from uni-
modal to multimodal systems driven by recent advances in neu-
roengineering. These multimodal BCI systems feature not only
multiple neural signal acquisition technologies, such as EEG,
fNIRS, fMRI, and MEG [325], but also therapeutic methods, such
as DBS, FES, and XR [84, 121, 326]. Multimodal BCI obviates many
limitations of monotherapy and has unique technical advantages.
For example, combining fNIRS, fMRI, and EEG to monitor neural
activity during seizures provides a comprehensive description
of the pathological state with high spatiotemporal resolution.
Similarly, by combining BCI with DBS and FES, the system can
achieve both central nervous system regulation and peripheral
limb activation with high spatiotemporal precision to achieve
a “central-peripheral” two-way intervention model. Indeed, the
clinical value of multimodal BCI has been validated by several
studies [76, 327, 328]. For instance, an RCT reported that patients
with post-stroke motor dysfunction receiving cognitive training,
balance training, and vibration therapy using a multimodal BCI
+ exoskeleton system achieved better functional recovery than
those receiving unimodal BCI + exoskeleton training [329].

Generally, multimodal BCI systems form a complete “perception-
decision-execution-optimization” closed-loop by integrating sig-
nal acquisition, decoding algorithms, actuators, and feedback
systems. These systems not only obviate the limited spatiotem-
poral resolution, signal specificity, and regulation dimensions of
single-modality BCIs but also improve the accuracy of motion
intention decoding. In addition, feedback combined with various
adaptive algorithms (e.g., machine learning tools) can optimize
individualized parameters for improved efficacy and user control.
These innovations provide a new technical paradigm for the
precision rehabilitation of disorders and also lay an important
foundation for future clinical translation.

Although significant progress has been made in multimodal BCI,
there is still room for further technological development. For

example, as BCI-FES has successfully regulated hand movements
and facial expressions, it may also be feasible to directly act on
vocal cord muscles for improved vocalization among dystonia
patients. Similarly, LFP-based brain state decoding techniques
have shown feasibility for PD diagnosis [185], suggesting that it
may be possible to apply a BCI-FES system for direct stimulation
of efferent nerves and muscles to achieve real-time mitigation
of motor symptoms. However, the realization of this technology
relies on high-precision information recognition and control-
side adjustment, which, in turn, requires further technological
breakthroughs and clinical verification.

The typical BCI system is composed of one or more signal record-
ing modules (e.g., EEG electrodes), a signal analysis module
(often for EEG spectral analysis), a module for the generation
of output instructions (electronic commands), and various exe-
cution modules (e.g., robotic arms). In addition, advanced BCI
systems are equipped with feedback capability and potential
learning algorithms for experience-dependent improvements in
execution. These modules are often designed with separate
computation and data storage units; however, this can lead to
data transmission bottlenecks, reducing the overall efficiency and
energy efficiency of the system. Moreover, current BCI systems
are generally too large for true portability, impeding large-scale
clinical applications.

With the rapid development of microelectronics, it has become
possible to integrate microprocessors with MEAs on flexible
substrate materials [7], to integrate stand-alone modules into
portable devices with wireless communication, and to implant
portable wireless devices directly into the human body, such
as in the cranial cavity, on the cortical surface, within brain
structures, or in the neurovasculature. Similar to the design
concept of the brain—neuromorphic interface, which integrates all
functions on a single neuromorphic chip [330], it is speculated
that this emerging portable BCI architecture can still achieve
high-performance data acquisition, analysis, command genera-
tion, and output device control. Moreover, advances in material
science have enhanced the biocompatibility of BCI components
with brain tissue, allowing for safer and more reliable long-term
function. Through miniaturization, BCI systems are expected to
be used at home without reliance on laboratory and hospital
environments. For example, users may one day receive signals
directly from embedded microprocessors through external signal
receivers, mobile phones, or computer applications, making
BCI applications truly portable. This integrated design may not
only optimize user experience and portability but also reduce
healthcare costs while driving technological advancements in
related industries.

This integrated model has a variety of potential development
directions. For example, the combination of microelectronics
technology and optogenetics BCI and the integration of micro-
electrodes, microprocessors, and miniature light sources for
intracranial light stimulation could solve the problem of poor
light penetration through the skull and reduce the risk of
brain tissue damage by optical fiber implantation. In addition,
a portable neurostimulation device has been developed to pro-
vide real-time and accurate FES neuromodulation for patients
with movement disorders. These innovative designs not only
improve the performance and application range of BCI systems
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FIGURE 6 | Optogenetics- and ultrasound genetics-based BCI. The schematic diagram illustrates the principles of optogenetics and ultrasonic
brain-computer interface systems. In this setup, three mice have been implanted with optical fibers and light sources within their skulls. In two of these
mice, light-sensitive ion channel proteins are expressed in the target neurons of the cerebral cortex. These light-sensitive ion channels can be selectively
activated by different wavelengths of light, thereby generating action potentials or hyperpolarization. Neurons that do not express these channels are not
affected by the light stimuli. For example, under blue light stimulation, sodium channels are opened, allowing sodium ions to enter the cell and trigger an
action potential, which increases local field potential oscillations. Conversely, when stimulated by yellow light, chloride channels are activated, leading
to hyperpolarization and inhibition of neuronal excitation, which reduces local field potential oscillations. Additionally, the mechanism of an ultrasonic-
based brain—-computer interface is demonstrated. Mechanosensitive channels are expressed in the target neurons, and specific ultrasonic frequencies
induce intracranial cerebrospinal fluid vibrations when applied outside the brain, causing these channels to open. This results in sodium influx, action

potential generation, and enhanced local field potential activity.

but also provide a new technical path for neuroscience and
clinical research. Through the integration and optimization of
microelectronic technology, BCI systems are expected to achieve
the leap from laboratory to daily life, provide patients with more
convenient and efficient treatment options, and promote the
continuous development of neuroengineering. The structure of
an integrated BCI is depicted in Figure 6.

Optogenetic BCI has made substantial progress in recent years,
but its clinical application still faces many challenges. First,
optogenetic stimulation relies on gene editing of light-sensitive
proteins, a process that is not only technically difficult but
also ethically controversial. Second, the implantation of optical
fibers to transmit light sources may cause mechanical damage
to brain tissue, limiting their widespread application in patients.
To reduce the risk of brain tissue damage during optical fiber
implantation, this paper proposes a novel approach: the induced
expression of mechanically gated ion channels in brain tissue
activated by ultrasound. Auditory transduction provides a bio-
logical example. Hearing depends on the rhythmic fluctuation
of lymph fluid in the cochlea driven by sound waves, which in

turn causes the vibration of cilia on hair cells and concomitant
direction-dependent opening or closing of mechanically gated
potassium channels. The opening of these channels allows
potassium influx, which depolarizes the cell and triggers further
calcium influx and transmitter release to stimulate the auditory
nerve. Based on this principle, it may be possible to induce
cerebrospinal fluid vibrations through sound waves of specific
frequencies (e.g., ultrasound), so as to activate mechanically
gated ion channels expressed in specific neurons and thereby
achieve precisely localized excitation. In addition, it may also
be possible to integrate the vibration-generating device with
a microelectrode or microprocessor implanted directly in the
brain to achieve neuromodulation through the generation and
propagation of vibration. This acoustic wave-based modulation
approach has several advantages. First and foremost, sound waves
can be transmitted non-invasively through bone, thus avoiding
the potential risk of brain tissue damage by fiber optic implanta-
tion. In addition, acoustic control technology can achieve high
spatial resolution, and sound can penetrate through tissue to
precisely target neurons (acoustic DBS). With further research
on mechanically gated ion channels and the optimization of
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FIGURE 7 | Anintegrated BCI system. Integrated microelectronic BCI systems may enhance usability for broader clinical application. The cerebral
cortex is covered with a flexible substrate, and an integrated module is attached composed of a signal transceiver module, a storage module, a power
supply (the power supply is covered with an electromagnetic coil for wireless charging), a microelectrode array, a chip (signal analysis module

and command generation module), and an electrical signal recording module (e.g., electrocorticography (ECoG)). The signal transceiver module

communicates wirelessly with external devices, such as a mobile phone, and regulates the integrated plate via transceiver instructions such as phone or
computer applications. This integrated micro-electronic BCI architecture is highly efficient, portable, and biocompatible.

acoustic wave modulation technology, this new neuromodulation
strategy could provide a safer and more efficient alternative to
optogenetics-based BCIs. Optogenetics and ultrasound genetics
BCI are compared schematically in Figure 7.

The rapid development of AI technology provides new possibil-
ities for the optimization and enhancement of BCI. First, deep
learning models have achieved remarkable results in image,
speech, and emotion recognition, indicating their applicability
to EEG decoding. Second, Bayesian optimization and other
algorithms can effectively improve the decoding performance
and operational efficiency of BCI systems. Third, CNNs can
identify different emotional states, motor patterns, and mental
phenotypes, laying the foundation for precise individualized
neuromodulation by BCI. Finally, user modeling technology
could be integrated into BCI systems to enable personalized
adaptation. The deep integration of AI and BCI is expected to
provide users with more intelligent, efficient, and personalized
treatment while creating additional BCI applications.

The extensive application of Al in BCI remains constrained by
algorithmic bias, overfitting, and high computational demands.
Algorithmic bias arises from unfairness in training data, model
design, or algorithmic implementation, leading to discrimina-
tion against specific groups in decision-making and impairing
BCI’s fairness and usability [331]; mitigation strategies include
embedding ethical codes in model design to introduce fair-
ness constraints and employing cross-subject decoding methods
(e.g., spatio-temporal convolutional networks with discrimina-
tors) based on domain adaptation to enhance general feature
representation and reduce performance disparities [332, 333].

Overfitting manifests as strong performance on training data but
poor generalization, exacerbated in BCI due to the low SNR
and non-stationarity of EEG signals [334]; solutions involve the
CSSBP algorithm integrating RP and ERD features to improve
robustness [335], regularization techniques (e.g., L2/L1 regu-
larization [336], SWLDA [332]) to reduce model complexity,
and deep learning approaches (e.g., CNN [337]) with adaptive
sample weighting to alleviate small-sample issues [338]. Com-
putational demands pertain to resources required for system
operation, necessitating optimization to meet real-time require-
ments; strategies encompass lightweight models (e.g., CNN)
[339], quantization techniques to reduce computation [340],
optimized algorithms [341] (e.g., GA, PSO) for dimensionality
reduction and efficiency, and GPU-based parallel processing or
robust parameter estimation (e.g., MDE) to enhance robustness
and efficiency [342, 343]. Collectively, these methods aim to
advance BCT’s fairness, generalization capability, and practicality.

Closed-loop BCIs leverage adaptive algorithms to personalize
neuromodulation, but this raises concerns about overfitting when
models are overly tailored to individual patients. To address this
trade-off between model specificity and generalizability, recent
advancements in EEG decoding algorithms have introduced
robust strategies. For instance, regularized methods such as Ll1-
regularized multiway CCA and shrinkage linear discriminant
analysis mitigate overfitting by constraining model complexity
while preserving individual-specific features [334-344]. Addi-
tionally, Riemannian geometry-based approaches, which exploit
the intrinsic curvature of covariance matrices, enhance gener-
alization by aligning with the natural structure of EEG data
[334]. These methods are particularly critical for disorders like
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depression, where symptom heterogeneity necessitates balancing
personalized feedback with population-level adaptability. For
example, dynamic adjustment of stimulation parameters based
on real-time neural feedback, as demonstrated in depression
treatment studies, requires algorithms that generalize across
diverse patient profiles [345]. Furthermore, literature empha-
sizes the need to caution against excessive personalization
risks, advocating systematic approaches over reliance on clini-
cal features in the absence of clear predictive indicators [346,
347]. Consequently, algorithm design should synthesize adaptive
mechanisms with cross-patient generalization frameworks to
harmonize individualized needs and population adaptability.
Future research should further integrate multimodal data and
transfer learning to bridge the gap between individualized and
scalable BCI systems [65].

The integration of EEG and fNIRS in BCIs leverages their com-
plementary temporal and spatial resolutions, yet challenges arise
from temporal synchronization and signal latency discrepancies.
To address these issues, computational strategies such as feature-
level fusion (e.g., normalized features or multi-domain feature
extraction) and decision-level fusion (e.g., combining classifier
outputs) have been proposed to harmonize multimodal signals
[348, 349]. For instance, studies have demonstrated that aligning
EEG and fNIRS features using multi-level progressive learning
frameworks can mitigate fNIRS’s hemodynamic delay, enabling
real-time decoding of motor tasks [349, 350]. Additionally, hybrid
BCI architectures, such as sequential or parallel processing
systems, allow for temporal alignment by prioritizing EEG’s
high temporal resolution while compensating for fNIRS’s spatial
advantages [348, 351]. Future research should focus on optimizing
these strategies to enhance ecological validity and computational
efficiency, particularly in low-latency applications [349, 352].

The significant intra- and inter-subject variability inherent in
neural signals presents substantial challenges for BCI algorithms.
While current Al-driven neural decoders, such as CNNs and
LSTMs, demonstrate remarkable performance in EEG signal pro-
cessing, their efficacy in managing neural signal non-stationarity
and individual variability remains a critical limitation. To address
this, contemporary approaches integrate adaptive decoding
frameworks, including online parameter updates and unsuper-
vised learning mechanisms like non-stationary modeling based
on random walk assumptions, alongside feedback mechanisms
such as error-driven signal adjustment. These techniques facil-
itate adaptation to individual neurophysiological “fingerprints”
without necessitating extensive recalibration [353, 354]. Architec-
tures like recurrent neural networks, for instance, convolutional
LSTMs, retain temporal dynamics through sequential modeling,
while other deep learning architectures leverage noise robustness
to accommodate inter-subject differences [355, 356]. Further-
more, recent studies have explored adaptive frameworks leverag-
ing transfer learning and subject-independent feature extraction.
For example, Riemannian geometry-based classifiers, such as
the minimum distance to Riemannian mean algorithm, exploit
the invariance of covariance matrices to mitigate inter-subject
variability [357]. Additionally, deep learning models incorporat-
ing attention mechanisms and multi-task learning paradigms
show promise in enhancing generalization across diverse neural
patterns [358, 359]. These methodological advancements not only
reduce the need for extensive recalibration but also align with

the growing demand for user-independent BCI systems. Future
research should prioritize the further integration of unsupervised
domain adaptation techniques to enhance the robustness of these
technologies in real-world applications.

Nanomaterials can be fabricated with a variety of characteristics
advantageous for BCI, including high flexibility, hypoallergenic-
ity, physical and chemical stability, and malleability, all of which
contribute to reducing the risk of mechanical and inflammatory
brain tissue damage. In addition, carbon nanomaterials can
be constructed into scaffolds with luminal structures contain-
ing factors or cells that promote brain tissue repair following
implantation [360] or therapeutic drugs for stimulus-dependent
release. For instance, luminal structures can be used to carry
anti-inflammatory factors that are continuously released to
reduce the accumulation of inflammatory mediators and prolong
the service life of the electrode. In fact, any material with a
rich cavity structure and sufficient conductivity, stability, and
malleability could be used to fabricate drug-delivery or repair-
promoting electrodes. Magnetoelectric nanomaterials are also
promising materials for the fabrication of DBS electrodes, as
magnetic exposure has several advantages over FES for certain
applications.

Future developments should also focus on multifunctional BCI
electrodes suitable not only for electrical stimulation but also
for neurochemical measures, disease monitoring, neuromodu-
lation, and pharmacological treatment. Carbon nanoelectrodes
can be fabricated for drug release and biomolecule monitor-
ing, underscoring the advantages of selecting highly versatile
electrode materials. Such electrodes may be especially valuable
for the monitoring and treatment of PD. For instance, carbon
nanoelectrodes could be implanted into the substantia nigra for
stimulation and for monitoring dopamine levels as a trigger
for releasing anticholinergic drugs or levodopa as needed. For
some diseases where the neurobiological mechanism is not yet
clear, such as autism, this type of invasive electrode is expected
to provide a means for clarifying pathogenesis by detecting
biomolecular changes in the brain.

In conclusion, future research on BCIs should prioritize multi-
modal integration and Al-driven personalization. For instance,
the integration of EEG, fMRI, and optogenetics can enable
spatiotemporally precise neuromodulation. Integrating multiple
BCI functions onto a single chip can enhance portability, while AI
algorithms, such as CNNs, can optimize the real-time decoding
of individual neural patterns. Furthermore, ultrasonic genetics
offers a non-invasive neuromodulation strategy by activating
mechanically gated channels, thereby overcoming the invasive
risks associated with optogenetic BCIs. These advancements
are poised to drive the development of BCI systems toward
adaptive, wireless, and fully implantable platforms for chronic
disease management. By advancing these research directions and
addressing associated challenges, BCI technology is expected to
achieve breakthroughs in broader clinical applications, including
the treatment of chronic pain; restoration of lost motor, sensory,
and communication functions; diagnosis of neuropsychiatric dis-
orders; event-triggered interventions; and rehabilitation. These
advances will also foster innovation in emerging fields such
as VR, AR and broader forms of human-computer interaction,
potentially reshaping daily life.

Exploration, 2026

47 of 60

85USD17 SUOWILLOD dAIER1D 3|qedt|dde 3y Ag pausonch ase sajolLe YO Bsn JO sajni oy Ariqiauljuo 43]1/ O (SUO1IPUOD-pUe-SLUB) WD AB | 1M Aleud 1 puluo//Sdny) SUOIIPUOD pUe SLWLB 13U} 39S *[9202/80/TT] uo Arigi auliuo A8|im ‘euiydeLeIypod Ag 26705202 d X3/200T 0T/I0p/wod* Ao | Areiq i juoy/sdiy o1y papeoumoq ‘€ '920e ‘8602992



The realization of this vision depends critically on concurrent  CNTs carbon nanotubes
advances in several foundational domains. The rapid develop-  ~gp common spatial patterns
ment of materials science has provided novel material options osT tical-spinal tract
for the design and enhancement of BCI electrodes, such as car- cortical-spinat trac
bon nanomaterials and biomaterials, which can improve signal ~ DBS deep brain stimulation
quality, mitigate biocompatibility issues, and enhance long-term DCS direct current stimulation
ili her ropelling BCI technol war fer an
stab ty’,t ereby p Op,e g BCI tec . ology towa d sate ,a d DOC disorders of consciousness
more reliable applications. The selection of appropriate animal
models is essential for the preclinical validation of BCI tech-  EC0G electrocorticography
nologies; for example, genetically modified mice and transgenic ECT electroconvulsive therapy
mice ca.n_ sm.lulate diverse k.luman disease pathologies, enabling EEG electroencephalography
the verification of BCI efficacy and the assessment of safety, ) o
thus providing crucial evidence for clinical translation. Clinical ~ FG2n eutectic gallium-indium
translation represents a pivotal step in the practical application of =~ EMG electromyography
BCI technology, requiring the resolution of challenges related to EPN-DBS entopeduncular nucleus-deep brain stimulation
technological maturity, regulatory approval, patient acceptance,
. Cqe e e ERD event-related desynchronization
and long-term efficacy assessment. Through multidisciplinary
collaboration among neuroengineers, clinicians, ethicists, and =~ ERN error-related negativity
policymakers, the healthy development of BCI technology canbe ~ ggrps event-related potentials
promoted, and an ecosystem supporting its clinical translation .
. . ErrP error-related potential
can be established. Such concerted efforts are expected to facil-
itate significant breakthroughs in BCI technology, offering novel =~ ETDRS early treatment diabetic retinopathy study
possibilities for the treatment of neurological and psychiatric FER facial emotion recognition
disorders. In summary, the potentl'al of BCI§ is immense, limited FES functional electrical stimulation
only by the bounds of our current imagination.
FFA fusiform face area
FMA-UE Fugl-Meyer assessment for upper extremity
fMRI functional magnetic resonance imaging
Nomenclature fNIRS functional near-infrared spectroscopy
FSS frequency-specific synchronization
aBCI acoustic brain-computer interface GA genetic algorithm
AD Alzheimer’s disease GPi globus pallidus
aDBS adaptive deep brain stimulation HGE high gamma energy
ADHD attention-deficit hyperactivity disorder iBCI intracortical brain-computer interface
ADHD-RS ls%t::tlon Deficit Hyperactivity Disorder Rating ICA independent component analysis
C
iEEG intracranial electroencephalograph
Al artificial intelligence PAAl0gTapty
. . kNN k-nearest neighbor
ALS amyotrophic lateral sclerosis
. LDA linear discriminant analysis
AMD age-related macular degeneration
. . LFP local field potential
AOT action observation therapy
. LIS locked-in syndrome
AR augmented reality
. logMAR logarithm of the minimum angle of resolution
ARAT action research arm test
i L X X LSTM RNN long short-term memory recurrent neural network
AROM-WE active range of motion in wrist extension
. . MAL motor activity log
ASD autism spectrum disorder
. i MBI modified Barthel Index
BCI brain-computer interface
. . . . MCS minimally conscious state
BCI-FES brain-computer interface-functional electrical
stimulation MDD major depressive disorder
BD bipolar disorder MEA microelectrode array
BMI brain-machine interface mECoG multi-channel electrocorticography
CCA canonical correlation analysis MEG magnetoencephalography
cDBS conventional deep brain stimulation MENDs magnetoelectric nanodisks
CLIS complete locked-in syndrome MEP motor-evoked potential
cNF cognitive neurofeedback MI motor imagery
CNN convolutional neural network MI-BCI motor imagery brain-computer interface
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MoCA
MRCP
MRC-WE
MRI
MVPA
NF
NMD
OB
OHDA
P300
PD
PICK
PRIMA
PTSD
RCT
RF
RNS
r'TMS
SAEs
SCI
SCP
SsEEG
SEMG
SNR
SSVEP
STN
STN-DBS
STN-LFP
SVM
Svz
tACS
TBS
TD
tDCS
TES
T™MS
TRD
UWS
V1

VR

\S

VT2
VT3
WMFT
XGBoost
XR

Montreal Cognitive Assessment
movement-related cortical potential
Medical Research Council Wrist Extensor
magnetic resonance imaging
multivariate pattern analysis
neurofeedback

neuromuscular disease

olfactory bulb

6-hydroxydopamine

P300 event-related potential
Parkinson’s disease

poststroke cognitive impairment

photovoltaic retinal implant for macular atrophy

post-traumatic stress disorder
randomized controlled trial

random forest

responsive neurostimulation
repetitive transcranial magnetic stimulation
serious adverse events

spinal cord injury

slow cortical potential
stereoelectroencephalography

surface electromyography
signal-to-noise ratio

steady-state visual evoked potential
subthalamic nucleus

subthalamic nucleus deep brain stimulation
subthalamic local field potentials
support vector machine
subventricular zone

transcranial alternating current stimulation
theta burst stimulation

typically developing

transcranial direct current stimulation
transcranial electrical stimulation
transcranial magnetic stimulation
treatment-resistant depression
unresponsive wakefulness syndrome
primary visual cortex

virtual reality

vegetative state

vibrotactile with two stimuli
vibrotactile with three stimuli

‘Wolf Motor Function Test

extreme gradient boosting

extended reality
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