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Abstract: Major depressive disorder is a highly prevalent affective disorder worldwide, and existing pharmacological and psycho-
logical treatments continue to demonstrate notable limitations in terms of therapeutic stability, adverse effects, and relapse prevention.
Brain—computer interface-based neurofeedback training (BCI-NFT) guides patients to actively regulate abnormal neural functional
states through real-time feedback of brain activity signals, thereby providing a precise interventional pathway that acts directly at the
level of neural function. This narrative review examines the theoretical foundations, neural mechanisms, and clinical application
modalities of BCI-NFT in depression rehabilitation, encompassing advances in both non-invasive and invasive neurofeedback
technologies, diverse combined intervention paradigms, and the application prospects of a concurrent intervention approach integrating
wearable BCI technology with aerobic exercise at the interdisciplinary intersection of sports neuroscience and psychiatric rehabilita-
tion medicine. Preliminary evidence suggests that BCI-NFT may facilitate neural functional recovery in patients with major depressive
disorder through three primary mechanisms: remodeling of emotion-regulation-related brain regions, correction of aberrant EEG
activity patterns, and improvement of large-scale brain network connectivity; however, given the sample sizes and methodological
heterogeneity of existing studies, these conclusions still require further validation through large-scale randomized controlled trials.
Nevertheless, the widespread clinical implementation of BCI-NFT remains constrained by a lack of standardized training protocols,
insufficient clarity regarding suitable patient populations, and a paucity of large-sample clinical data. Future research should, within
a precision psychiatry framework and through the integration of multimodal neuroimaging and large-scale randomized controlled
trials, further advance the standardized clinical translation of BCI-NFT.

Keywords: brain—computer interface, neurofeedback training, major depressive disorder, sports neuroscience, neuromodulation,
neuroplasticity, psychiatric rehabilitation

Introduction

In recent years, mental health and psychological well-being have received increasing priority in global and Chinese
public health agendas. According to data published by the World Health Organization, major depressive disorder (MDD)
has become the second most prevalent disease worldwide, surpassed only by cardiovascular disease, and is characterized
by a prominent and persistent depressed mood." Epidemiological surveys indicate that approximately 350 million
individuals are affected globally,” while the lifetime prevalence of depressive disorders among Chinese adults is
estimated at 6.8%.° Moreover, among middle-aged and elderly populations in China, the prevalence of depressive
disorders is even more pronounced and its underlying mechanisms more complex. A nationally representative study by
Zhang et al (2025) systematically characterized the epidemiological features and multidimensional determinants of
depression among middle-aged and older Chinese adults, further underscoring the pressing real-world importance of
precision interventions tailored to such special populations in the context of population aging.* Internationally, MDD
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constitutes a major contributor to disability and productivity loss.” Furthermore, the disorder not only severely impairs
patients’ social functioning but also significantly elevates suicide risk and increases the likelihood of comorbid physical
conditions such as cardiovascular and cerebrovascular disease, thereby imposing a substantial burden on public
healthcare systems.®

Conventional therapeutic approaches for MDD primarily encompass pharmacotherapy, psychotherapy, and physical
treatment modalities; however, each of these standard interventions demonstrates notable limitations in clinical practice.7
Conventional antidepressants, for instance, may induce significant adverse effects—including weight gain and cardio-
toxicity—as well as withdrawal reactions upon discontinuation.® Psychotherapy, while facilitating emotional and
cognitive restructuring, is highly dependent on patient adherence and the therapeutic environment. Physical treatment
modalities likewise exhibit considerable inter-individual variability in efficacy.” Accordingly, the investigation of novel,
safer, and more effective therapeutic strategies capable of directly targeting aberrant neural activity at the level of brain
function has emerged as a pivotal research priority in psychiatric rehabilitation.'”

Against this backdrop, brain—computer interface-based neurofeedback training (BCI-NFT) has attracted considerable
attention as an emerging neuromodulatory intervention.'' This technology aims to overcome the shortcomings of
conventional approaches by providing individuals with real-time feedback of their own neural activity characteristics,
thereby guiding active self-regulation of aberrant brain functional states and promoting neuroplasticity-based reorganiza-
tion and functional recovery.'? It is also noteworthy that BCI-based neurofeedback technology has sparked broad
exploration in the field of sports neuroscience—researchers have begun applying it to the optimization of athletes’
psychological performance and competitive state regulation, accumulating in the process a neuromodulatory methodol-
ogy that shares common mechanisms with depression rehabilitation training.'* This cross-disciplinary accumulation of
research provides an important methodological reference for the standardized application of BCI-NFT in psychiatric
rehabilitation. It should be noted that the brain—computer interface (BCI), neurofeedback (NF), and brain—computer
interface-based neurofeedback training (BCI-NFT) are conceptually related yet distinct: the BCI is a general technical
framework that establishes a communication channel between the brain and external devices; NF is a training method
that guides self-regulation through real-time feedback of brain activity; and BCI-NFT is a specific intervention modality
that deeply integrates the real-time decoding capabilities of the BCI with the closed-loop learning mechanisms of NF, and
it constitutes the core analytical focus of this review. Although several reviews have addressed the application of NF or
the BCI in psychiatry, the existing literature still lacks a systematic comparison of non-invasive and invasive technical
pathways, an integration of the cross-disciplinary perspective of sports neuroscience, and a synthesis of the evidence on
combined intervention paradigms; this review aims to fill these gaps. This review successively addresses the theoretical
foundations, neural mechanisms, principal technical modalities (non-invasive and invasive), and combined intervention
paradigms of BCI-NFT; explores emerging research directions from the intersecting perspectives of sports neuroscience
and psychiatric rehabilitation medicine; and finally discusses current limitations and future development pathways, with
the goal of informing the positioning of BCI-NFT within a comprehensive treatment framework and advancing the
standardization of neuromodulatory intervention pathways.

Literature Search Strategy

This review was conducted as a narrative review to synthesize current evidence on the application of brain—computer
interface-based neurofeedback training (BCI-NFT) in the rehabilitation of major depressive disorder (MDD).
A comprehensive literature search was performed in PubMed, Web of Science, and PsycINFO databases, covering
publications from January 2000 to February 2026. The following search terms were used, either individually or in
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combination: “brain—computer interface,” “neurofeedback,” “neurofeedback training,” “major depressive disorder,”
“depression rehabilitation,” “EEG neurofeedback,” “MRI neurofeedback,” “fNIRS neurofeedback,” “real-time fMRI,”
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“deep brain stimulation,” “closed-loop neuromodulation,” “neuroplasticity,” “functional connectivity,” “default mode
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network,” “aerobic exercise,” and “sports neuroscience.”
Inclusion criteria were: (1) peer-reviewed original research articles, randomized controlled trials, systematic reviews,
or meta-analyses; (2) studies directly addressing BCI or neurofeedback interventions in human participants diagnosed

with MDD or related depressive disorders; (3) studies reporting neurophysiological outcomes, clinical symptom

2 htps: Neuropsychiatric Disease and Treatment 2026:22



Liu et al

measures, or mechanistic findings relevant to depression rehabilitation. Studies were excluded if they were (1) case
reports with fewer than five participants (unless of exceptional methodological significance), (2) conference abstracts
without full-text availability, or (3) studies exclusively focused on non-depressive psychiatric or neurological conditions
without relevance to the themes of this review. Additional references were identified through manual screening of
bibliographies of retrieved articles and highly cited reviews in the field. A total of 84 references were ultimately included.
Given the narrative nature of this review, no formal risk-of-bias assessment was conducted; however, methodological
quality was considered qualitatively when interpreting the strength of evidence.

Theoretical Foundations of Brain-Computer Interface-Based

Neurofeedback Training

The brain—computer interface (BCI) is an emerging technology in the field of neural rehabilitation that establishes
a direct communication channel between the brain and external devices for real-time information exchange and control.'*
By creating a direct interactive pathway between neural signals and external hardware, BCIs enable the acquisition,
decoding, and feedback of neural information, thereby opening novel avenues for the modulation of brain function.'
BClIs are generally classified into two categories: invasive BCIs and non-invasive BCls. Invasive BCls typically employ
stereotactic neurosurgical implantation of microelectrode arrays into the cerebral cortex or deep brain structures, enabling
direct acquisition of neural signals with high spatiotemporal resolution.'® While offering significant advantages in signal
fidelity and decoding efficiency, their clinical application is constrained by surgical risks, ethical concerns, and long-term
safety considerations, and thus they are primarily investigated in the context of severe neural dysfunction such as
treatment-resistant depression.'”

Non-invasive BClIs, represented by electroencephalography (EEG) and functional near-infrared spectroscopy
(fNIRS), facilitate real-time acquisition and feedback of brain activity without neurosurgical intervention, offering
high safety, strong reproducibility, and favorable patient compliance (Figure 1).'® Consequently, they have been more
widely adopted in rehabilitation research targeting MDD and other psychiatric and emotion-related disorders."®

In recent years, a growing consensus has emerged in psychiatric and neuroscientific research on MDD that brain
function is not immutably fixed. Under specific training and feedback conditions, the brain is capable of undergoing
significant neuroplastic change.?® This premise enables neural activity to transition from a static pathological marker to
an interventional and trainable functional target. Neurofeedback training is grounded in this principle: it presents an
individual’s own neural activity state in real time through intuitive visual or auditory modalities, allowing trainees to
progressively acquire volitional control over their own brain activity through repeated practice.”’

At its core, neurofeedback constitutes a learning process in which brain activity serves as the locus of regulation, with
the ultimate therapeutic outcome contingent upon the neural self-regulation strategies developed by the individual under
feedback conditions.”> BCI-NFT represents a modality of neural functional modulation developed at the intersection of
neurofeedback and modern BCI technology. It tightly integrates the learning mechanisms of neurofeedback with the real-
time decoding capabilities of BCIs, transforming the training process from experience-based heuristic regulation to
a closed-loop control paradigm driven by neural signals.”?

In practice, EEG or cerebral blood flow signals are decoded online and presented instantaneously, fostering a dynamic
cycle of “neural activity — system feedback — active self-regulation” in the trainee.”* This closed-loop architecture
establishes, across the temporal dimension, a stable correspondence between changes in neural activity and self-
regulation strategies—a defining feature that distinguishes BCI-NFT from conventional psychological training.*’

From a theoretical genealogy perspective, the closed-loop control learning framework of BCI-NFT is highly congruent
with the classical motor skill acquisition theories in sports science. Adams’ pioneering closed-loop theory of motor learning
revealed the central role of sensory feedback signals in motor error correction and skill consolidation;*® biofeedback training,
as a traditional practice tool in sports science, has for decades continuously used peripheral physiological parameters—such
as electromyography and heart rate—to guide athletes in real time toward optimized movement patterns and psychological
competitive states. BCI-based neurofeedback can be regarded as a deepened extension of this methodological framework at
the level of central neural signals—upgrading the feedback target from peripheral physiological indices to the
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Figure | Closed-loop BCI neurofeedback system for MDD rehabilitation. This figure illustrates the closed-loop architecture and therapeutic logic of a brain—-computer
interface-based neurofeedback training (BCI-NFT) system for major depressive disorder (MDD) rehabilitation. The system continuously acquires EEG signals reflecting
ongoing brain activity, processes and decodes neural features in real time, and transforms the decoded information into visual or auditory feedback cues that can be
perceived by the patient. Through repeated feedback-guided practice, patients engage in active self-regulation strategies such as concentration, relaxation, and cognitive
reappraisal, thereby forming a continuous cycle of neural signal acquisition, decoding, feedback presentation, and adaptive regulation. This closed-loop process is proposed to
promote neuroplasticity and support MDD rehabilitation through multiple interconnected pathways, including remodeling of local emotion-regulating circuits, normalization
of aberrant EEG activity patterns, and improvement of multi-scale brain functional network connectivity.

Abbreviations: BCI-NFT, brain—computer interface-based neurofeedback training; MDD, major depressive disorder; EEG, electroencephalography; PFC, prefrontal cortex;
ACC, anterior cingulate cortex; DMN, default mode network; CEN, central executive network; ERN, emotion-regulation network.

electrophysiological or hemodynamic characteristics of the brain, thereby achieving closed-loop regulation of internal states
at a more refined neural level.”” This methodological inheritance not only provides a sports science perspective to support the
theoretical explanation of BCI-NFT in depression rehabilitation, but also endows the operational learning optimization
experience accumulated in sports neuroscience with direct reference value.

From a theoretical perspective, the core rationale underlying BCI-NFT resides in its capacity to promote neuroplas-
ticity and facilitate the reorganization of brain functional networks.?® Through the systematic and repeated reinforcement
of activity in target brain regions or networks, this training modality can induce synaptic plasticity and promote
rebalancing of functional connectivity.*’

The integration of multimodal technical approaches further provides spatial localization and temporal synchronization
information, enhancing the correspondence between training targets and feedback signals.’® Importantly, BCI-NFT
places strong emphasis on active participation by the trainee throughout the regulatory process. This subject-centered,
participatory approach not only induces changes in neurotransmitter systems and synaptic structure, but also fosters an
enhanced sense of self-efficacy.’ The physiological changes attributable to neuroplasticity and the psychological gains in
perceived self-control operate synergistically during training, jointly constituting the theoretical foundation through
which this technology exerts its interventional effects.?

Neural Mechanisms Underlying the Facilitation of MDD Rehabilitation by
BCI-NFT

Patients with MDD exhibit characteristic neurophysiological features including functional imbalances in emotion-
regulation-related brain regions, aberrant EEG rhythms, and disrupted functional connectivity within brain networks.
Neurofeedback training provides a novel technical approach for precise intervention at the level of neural function.*?
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Figure 2 Mechanistic pathways through which BCI-NFT facilitates MDD rehabilitation. This figure illustrates the proposed neural remodeling mechanisms through which
brain—computer interface-based neurofeedback training (BCI-NFT) may facilitate rehabilitation in major depressive disorder (MDD). In the depressive state, impaired
prefrontal regulatory control, limbic hyperactivity, aberrant EEG rhythmic activity, and disrupted large-scale functional network connectivity jointly contribute to emotional
dysregulation, repetitive negative thinking, and impaired cognitive—affective functioning. Through closed-loop acquisition, processing, and real-time feedback of neural signals,
BCI-NFT enables patients to actively regulate abnormal brain activity and gradually promotes neuroplastic reorganization. This process may enhance prefrontal top-down
control, attenuate amygdala and limbic hyperreactivity, normalize frontal alpha asymmetry and theta/beta activity, reduce maladaptive default mode network dominance, and
strengthen coordination between central executive and emotion-regulation networks. Collectively, these regional, rhythmic, and network-level changes may support
depressive symptom recovery and broader functional rehabilitation, including improvements in mood regulation, cognitive and executive function, social and occupational
functioning, and quality of life.

Abbreviations: BCI-NFT, brain—computer interface-based neurofeedback training; MDD, major depressive disorder; PFC, prefrontal cortex; EEG, electroencephalography;
DMN, default mode network; CEN, central executive network.

Unlike conventional treatments, BCI-NFT does not exert its effects through direct exogenous stimulation of the nervous
system. Rather, it guides patients to actively regulate aberrant neural functional states through real-time feedback of their
own brain activity characteristics.®> This regulatory process promotes neural functional remodeling and neuroplastic
change (Figure 2).>* Based on current neuroscientific frameworks, the facilitative effects of BCI-NFT on MDD
rehabilitation are primarily manifested across three dimensions: the remodeling of function in emotion-regulation-
related brain regions, the modulation of aberrant EEG activity patterns, and the improvement of functional network
connectivity.>> Mechanistically, these three dimensions constitute a continuum progressing from the restoration of local
regulatory function and the stabilization of rhythmic activity to the reconstruction of cross-network coordination.*®

Remodeling of Function in Emotion-Regulation-Related Brain Regions
Functional dysregulation of emotion-regulation-related brain regions constitutes a fundamental neural substrate of
MDD.*” Patients with MDD broadly exhibit functional imbalances across the prefrontal cortex (PFC), amygdala,
cingulate cortex, and hippocampus, with the most characteristic pattern being a concurrent reduction in PFC activity
alongside limbic system hyperreactivity.®® This combined state of diminished regulatory capacity and heightened
reactivity substantially impairs cognitive control over negative emotions, rendering patients more susceptible to persis-
tent low mood and ruminative negative thinking.*’

BCI-NFT delivers the activity states of these emotion-related brain regions in real time to the trainee via visual or
auditory feedback.*® Because patients cannot directly perceive activity changes in deep brain structures, the BCI system
computes and presents signal intensity in real time, providing the brain with precise reward signals.*' Through repeated
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closed-loop training sessions, patients gradually acquire internal strategies for volitionally modulating the activity levels
of target brain regions.*

At the neural mechanistic level, this active regulation enhances activation of the dorsolateral and ventromedial PFC
while concurrently suppressing the amygdala’s exaggerated response to negative emotional stimuli.*® This process
augments prefrontal regulatory signaling and induces inverse coupling changes relative to limbic system reactivity.**
The resulting reestablishment of prefrontal-limbic system functional balance directly repairs the neural circuitry under-
lying emotion regulation,* and further influences overall cortical excitatory—inhibitory balance, thereby exerting an
upstream modulatory effect on the subsequent stabilization of rhythmic neural activity.*®

Modulation of Aberrant EEG Activity Patterns

Beyond structural and functional abnormalities in specific brain regions, patients with MDD also broadly exhibit
disrupted EEG activity patterns, most notably characterized by frontal alpha-wave asymmetry and aberrant theta- and
beta-band power.*” These rhythmic alterations reflect a shift in the cortical excitatory—inhibitory balance.*® For example,
a relative increase in left frontal alpha power indicates insufficient activity in that region—an EEG asymmetry closely
associated with negative affective processing and reduced motivation, consistent with the observed decline in prefrontal
regulatory capacity.*’

BCI-NFT can directly target these characteristic EEG indices to exert its mechanistic effects.”® By continuously
monitoring patients’ EEG signals, it guides them to consciously regulate neural activity in specific frequency bands.’'
Mechanistically, this volitional modulation of aberrant neural rhythms may be viewed as the rhythmic expression of
restored prefrontal regulatory function.’? Through active engagement in feedback-driven regulation, patients bring about
a physiologically meaningful correction of frontal alpha asymmetry while guiding theta- and beta-band power distribu-
tions toward greater stability.”

This transition of EEG rhythms from a pathological to a relatively balanced state marks the progressive restoration of
the brain’s overall emotion-regulation capacity.>* The stabilization of neural rhythms not only depends on improvements
in higher-level regulatory brain regions but also furnishes a coherent and consistent temporal structure for inter-network
information transmission.

Improvement of Functional Network Connectivity

In recent years, large-scale brain functional network dysregulation has emerged as an important framework for under-
standing the neural mechanisms of MDD.>> Patients with MDD typically manifest hyperactivation of the default mode
network (DMN) accompanied by significant hypofunction of the central executive network and emotion-regulation-
related networks.’® This inter-network imbalance predisposes patients to excessive internally focused, negative self-
referential processing while undermining attentional and executive engagement with external tasks.”’

BCI-NFT, through feedback-driven regulation of activity in specific brain regions or individual networks, can
promote the reintegration of functional connectivity at the higher-dimensional level of network organization.”® Modern
BCI systems are increasingly capable of computing inter-nodal phase synchrony or functional coupling strength in real
time, thereby providing feedback for complex network connectivity.>®

The mechanistic basis for this rests upon the enhanced prefrontal regulatory capacity and the temporal synchroniza-
tion conditions afforded by EEG rhythm stabilization.’® At the level of network modulation, repeated reinforcement via
neurofeedback effectively attenuates DMN hyperactivation while strengthening the coordinated interaction between the
PFC-dominated central executive network and emotion-regulation networks.®!

This improvement in cross-network functional coupling disrupts the ruminative thought cycle and provides a network
topology foundation for enhanced cognitive control.> From a neuroscientific standpoint, BCI-NFT offers a scientifically
grounded interventional pathway for MDD rehabilitation—one that originates from localized brain region modulation
and progressively extends to global network reorganization.®®> Together with the restoration of regional brain function and
the stabilization of EEG activity, this constitutes a complete, bottom-up, hierarchically progressive neural remodeling
mechanism.
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Application Modalities of BCI-NFT in MDD Rehabilitation

The application of BCI-NFT in MDD rehabilitation has, in recent years, advanced beyond the early stage of technical
feasibility exploration and entered a new phase of evidence-based data accumulation and intervention paradigm
standardization.®* With the introduction of precision psychiatry concepts for MDD, the volume of related research has
grown exponentially.®® Study designs have progressively evolved from small, uncontrolled open-label trials to rigorous
randomized clinical trials employing sham feedback as a double-blind control condition.®® In parallel, systematic reviews
and meta-analyses of this technology have proliferated substantially.®’

This signals a paradigmatic shift in research focus from preliminary evaluation of single-technology efficacy toward
cross-modal comparative analysis, quantification of intervention dosage, and stratification of eligible patient populations
according to distinct neurobiological subtypes.®® In terms of specific clinical application pathways, BCI-based neurofeed-
back is primarily divided into two broad categories based on differences in the physical barrier of neural signal
acquisition and the depth of the targeted network: non-invasive and invasive modalities.®” Table 1 summarizes the key
characteristics, advantages, limitations, and clinical applicability of non-invasive and invasive BCI-NFT modalities in
MDD rehabilitation.

These two technical pathways fulfill distinctly different roles within a comprehensive treatment framework: non-
invasive modalities are highly safe and better suited for long-term, high-frequency repeated training during the
rehabilitation phase,”® whereas invasive modalities are constrained by ethical considerations and procedural risks and
are primarily reserved as a last-resort intervention for cases of treatment-resistant depression.”' Furthermore, as inter-
disciplinary integration deepens, combined application paradigms that incorporate BCI with conventional psychotherapy
and pharmacotherapy are increasingly emerging as a clinical trend for strengthening individual neuroregulatory capacity
and reducing disease recurrence.’?

Non-Invasive BCl Neurofeedback Training Modalities

Non-invasive BCIs represent the most central and extensively applied mainstream direction in MDD neurofeedback
research. EEG, fMRI, and fNIRS constitute the three most commonly employed non-invasive technical pathways,®
forming a complementary triad in terms of temporal resolution, spatial localization precision, and equipment accessi-
bility. EEG detects weak potential changes on the scalp surface and, with millisecond-level temporal resolution, reflects
the summated postsynaptic potentials of cortical pyramidal cells, making it the most clinically operable modality
currently available. fMRI, through measurement of blood-oxygen-level-dependent (BOLD) signals, enables precise
localization of deep limbic structures such as the amygdala and hippocampus with millimeter-level spatial resolution.
fNIRS, as an intermediate solution, leverages the absorption and scattering properties of near-infrared light in biological
tissue to monitor cerebral cortical hemodynamic changes, and—unconstrained by the confined MRI scanner bore—
demonstrates considerable flexibility in naturalistic ecological environments and during movement.

Additionally, fNIRS, by virtue of its capacity to monitor cerebral hemodynamic changes in naturalistic movement
states, has been widely applied in the field of sports neuroscience to study the relationships among physical activity,
cognitive function, and brain function.”® Given its favorable tolerance to movement, fNIRS has been extensively used for
monitoring cerebral cortical hemodynamic changes during walking, cycling, and other exercise tasks, thereby becoming
an important technical tool in sports neuroscience research on the physical activity—cognition—brain function
relationship.”* This characteristic also provides the technical foundation for constructing an “exercise-concurrent
neurofeedback™’® intervention paradigm, enabling participants to simultaneously receive real-time feedback training on
prefrontal cortex activity while performing moderate-intensity aerobic exercise.’®

Implementation of non-invasive neurofeedback is a highly complex process of human—machine interaction and neural
learning, typically comprising four intensive closed-loop steps: neural signal acquisition, feature extraction, real-time
computation, and feedback presentation. Taking the clinically most prevalent EEG pathway as an example: trainees first
don an EEG cap equipped with 32 to 128 electrode nodes in a quiet treatment room shielded from electromagnetic
interference. Following impedance reduction with conductive gel, the system continuously records weak scalp electrical
activity across multiple regions in real time. Backend signal-processing algorithms must then, within a minimal delay
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Table 1 Comparative Analysis of Non-Invasive BCI-Based Neurofeedback Modalities for MDD Rehabilitation. The Three Modalities
are Compared Across Five Domains: Signal Characteristics, Primary Targets in MDD, Practical Implementation, Clinical Evidence, and
Suitable Patient Populations

Signal characteristics

Signal type

Scalp electrical potentials (summated

BOLD signal (blood-oxygen-level

Cortical hemodynamic response (near-

cortical PSPs) dependent) infrared light absorption)
Temporal resolution Millisecond 2-6 s hemodynamic lag ~l-2s
Spatial resolution Low (~cm) High (~mm) Moderate (~1-2 cm)

Brain depth access

Cortical surface only

Deep limbic structures (amygdala,
ACC, hippocampus)

Cortical surface only (~2 cm depth)

Target parameters in MDD

Primary targets

Frontal alpha asymmetry; theta/beta
power ratio

Amygdala BOLD activity; anterior
cingulate cortex; sgACC

Prefrontal cortex oxygenation (HbO,
/HbR)

Feedback modality

Visual game/animation updated in real
time

Bar graph/thermometer
(intermittent, ~|1 Hz)

Visual or auditory cue; compatible with
wearables

Practical implementation

Equipment cost

Low—moderate

Very high

Moderate

Invasiveness

Non-invasive

Non-invasive

Non-invasive

Movement tolerance

Moderate (artifact-prone during

Minimal — supine in scanner

High — ambulatory use possible

environment)

movement) required
Patient compliance High Moderate (claustrophobia, cost High
barriers)
Ecological validity Moderate Low (confined scanner High — naturalistic settings feasible

Typical protocol

3045 min/session; 2—-3%/week; 8—
12 weeks (210 sessions recommended)

~60 min/session; 6-8 sessions;
hospital-based

30-45 min/session; flexible schedule;
community feasible

Clinical evidence in MDD

Evidence level

Strongest — multiple RCTs and meta-
analyses

Growing — several RCTs available

Emerging — promising pilot data

Clinical effect on depressive
symptoms

Relatively stronger evidence; symptom
improvement reported, but effects vary
across trials

Promising for emotion-related
neural targets; evidence remains
limited

Emerging evidence mainly focused on
prefrontal regulation

Long-term durability

~40% sustained remission at | year (210
sessions); dose-dependent relationship

Transfer effects observed; long-term
data limited

Insufficient long-term follow-up data
currently available

Key limitations and

suitable population

Key limitations

Susceptible to ocular/muscle artifacts;
no deep-structure access; BCl illiteracy
~15-30%

Prohibitive cost; claustrophobia;
hemodynamic lag limits real-time
precision

Limited depth penetration; motion
artifacts during vigorous exercise;
emerging evidence base

Suitable population

Mild-to-moderate MDD; outpatient
rehabilitation; Exercise-BC| combined
paradigm

Deep limbic pathology (amygdala
hyperactivity); research contexts;
moderate MDD

Pediatric/elderly patients; mobility-
impaired; exercise-concurrent
neurofeedback paradigm

Combined modality potential

Pharmacotherapy; CBT; aerobic
exercise (Exercise—BCl)

Mindfulness; EEG (multimodal
hybrid)

Aerobic exercise (Exercise—BCI
paradigm)

Abbreviations: EEG, electroencephalography; fMRI, functional magnetic resonance imaging; fNIRS, functional near-infrared spectroscopy; MDD, major depressive disorder;
BCl, brain—computer interface; HDRS, Hamilton Depression Rating Scale; CBT, cognitive behavioral therapy; BOLD, blood-oxygen-level dependent; PFC, prefrontal cortex;

ACC, anterior cingulate cortex.
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(typically strictly controlled to under 300 milliseconds), employ mathematical tools such as independent component
analysis or fast Fourier transform to eliminate physiological artifacts—including ocular and myoelectric signals—and
decompose the complex time-domain signal into power spectral density across frequency bands. The extracted target
EEG features are then transformed into perceptually accessible multimedia signals for the patient—for example, a three-
dimensional racing game, a gradually blossoming lotus flower, or a rising-and-falling thermometer displayed on screen—
wherein the animation speed or color saturation is precisely synchronized with the degree to which target EEG indices
approach the healthy range.

Driven by this closed-loop feedback, trainees must exercise considerable volitional engagement, continuously
attempting various internal psychological strategies—such as recalling positive autobiographical memories, practicing
diaphragmatic breathing, or applying mindful awareness—in response to the on-screen visual cues. Through this process
of operant conditioning—repeated tens of thousands of times as “attempt—system feedback—strategy modification”—the
trainee’s cerebral cortex gradually establishes new synaptic connections, progressively learning to stabilize its own neural
rhythms within the prescribed healthy threshold, either consciously or non-consciously. In standard clinical practice,
a single BCI-NFT session generally lasts 30 to 45 minutes; to counteract neural forgetting mechanisms and consolidate
long-term potentiation effects, intervention frequency is typically set at two to three sessions per week, with the overall
treatment course spanning six to twelve weeks.

Existing clinical intervention data increasingly reveal patterns of outcomes based on different technical targets and
control conditions. Among EEG-based feedback paradigms, frontal alpha-wave asymmetry training has the highest level
of supporting evidence. A rigorous double-blind randomized controlled trial enrolling 60 patients with mild-to-moderate
MDD demonstrated that following 12 sessions of active EEG neurofeedback training, participants in the experimental
group showed a mean reduction of 7.2 points on the Hamilton Depression Rating Scale (HDRS), compared with
a decline of only 3.1 points in the sham-feedback control group, which received randomized video playback.”
Multiple large-scale meta-analyses encompassing hundreds of patients further confirmed that EEG neurofeedback yields
an overall effect size of approximately 0.6 for improving core depressive symptoms, corresponding to a medium-to-large
clinical effect.® Long-term follow-up data also reveal a significant dose—response relationship: when the number of
training sessions falls below eight, neuroplastic changes tend to be insufficiently consolidated and symptom relapse is
common;*® however, when systematic training reaches or exceeds ten sessions, synaptic-level changes stabilize, and
studies with follow-up durations of up to one year report that approximately 40% of patients maintain significant
symptom remission following cessation of training, demonstrating the durable anti-relapse potential of actively learned
neural self-regulation strategies.’’

By contrast, fMRI-based feedback paradigms demonstrate an overwhelming advantage in spatial targeting precision.
In a typical fMRI-guided training session, patients lying in the MRI scanner perform emotion-regulation tasks while the
system—accounting for the natural hemodynamic response lag of 2 to 6 seconds—dynamically feeds back activation
levels in deep brain structures such as the amygdala or anterior cingulate cortex, typically via intermittent bar graphs.
A randomized controlled trial directly targeting “reduced left amygdala hyperactivation” showed that after only eight
sessions of high-precision regional BOLD feedback training, participants in the experimental group achieved a mean
HDRS reduction of points.®> As an emerging alternative, fNIRS technology has also demonstrated impressive efficacy in
remodeling prefrontal cortex function,®” while avoiding the prohibitive costs and claustrophobia risks associated with
fMRI and exhibiting particularly high compliance during extended continuous training in pediatric and elderly depressed
populations.

Invasive BCl Neurofeedback Training Modalities

In contrast to non-invasive approaches, which leverage the compensatory and reorganizational capacity of the cerebral
cortex, invasive BCIs directly target the deep subcortical nuclei that exert decisive influence over emotion generation—
structures that remain largely inaccessible to conventional non-invasive modalities.®* In terms of signal acquisition
stability, dynamic range across high-frequency bands, and absolute spatial localization accuracy, this modality possesses
physical advantages unmatched by any other currently available technology. At the level of clinical implementation, the
system requires stereotactic neurosurgical implantation of multi-contact microelectrode arrays with sub-millimeter
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precision into the cortical surface or deep structures of the basal ganglia and limbic system, along with subcutaneous
implantation of a pulse generator beneath the clavicle. Following implantation, these electrodes—embedded within brain
tissue—serve as continuous neural activity sentinels, recording local field potentials or discharge sequences of neuronal
ensembles in target nuclei. An onboard embedded computer system performs uninterrupted real-time decoding of these
raw signals, analyzing amplitude, phase coupling, and high-frequency gamma-band power fluctuations to identify
specific “neuropathological biomarkers” closely correlated with acute worsening of depressive symptoms, anxiety
episodes, or surges in ruminative thinking.

Fundamentally distinct from non-invasive systems—which rely heavily on the patient’s concentrated attention for
“active learning and regulation”—modern invasive closed-loop systems operate as fully automated, covert intervention
devices. When the background artificial intelligence classification algorithm detects an abnormal neural signal pattern
highly consistent with a depressive episode, the system automatically triggers the embedded micro-current stimulation
device within milliseconds, delivering precisely calibrated electrical pulses to forcibly interrupt pathological network
synchronous oscillations and restore the target brain region from a state of hyperactivation or inhibition to a preset
healthy physiological baseline. This intervention pathway entirely bypasses the patient’s subjective cognition and
behavioral effort, constituting a purely automated, neural-biomarker-driven modulation of physical parameters.
Consequently, the individualized configuration of stimulation frequency, pulse width, and output current intensity to
accommodate each patient’s heterogeneous neural phenotype represents the core technical challenge determining
treatment success or failure.

Given the inevitable procedural trauma of cranial surgery, the risk of foreign-body-induced immunological responses,
and the uncertain effects of chronic electrical stimulation on the brain microenvironment, the clinical application of
invasive BCIs has been strictly restricted by international medical ethics committees to the context of orphan-drug-
equivalent rescue treatment for patients with treatment-resistant depression (TRD). More recently, with the introduction
of genuinely closed-loop neuromodulation systems, both the efficacy and dropout rates of invasive treatment have
improved qualitatively. Cutting-edge small-sample closed-loop studies targeting TRD report that, by delivering electrical
stimulation only upon detection of depressive neural signatures, not only was device power consumption and the risk of
long-term stimulation-related side effects substantially reduced, but approximately 50% of patients achieved complete
symptom remission at 12-month follow-up,** with precipitous declines in depression rating scale scores. Overall,
invasive closed-loop systems can produce rapid and dramatic symptom reversal within days to weeks, with the
therapeutic mechanism closely tied to the direct disruption of abnormal electrophysiological oscillations within patho-
logical neural circuits. Nevertheless, large-scale dissemination remains confronted with formidable challenges relating to
ethics, health economics, and long-term safety.

Combined Application of BCI-NFT with Conventional Rehabilitation Modalities

MDD is not a simple disorder attributable to a single neurotransmitter deficit or isolated brain region pathology;
rather, it is a complex, multi-level systemic functional dysregulation spanning molecular, cellular, network, psycho-
cognitive, and social-environmental dimensions. Therefore, organically integrating BCI-NFT into existing compre-
hensive psychiatric treatment frameworks—building neurological modulatory target-specific training on top of
established conventional therapies—is rapidly becoming the leading edge of current clinical rehabilitation transla-
tional research. The underlying logic of this combined modality rests on exploiting differences in temporal windows,
mechanistic targets, and action pathways across interventions to produce synergistic effects that exceed the sum of
their individual contributions.

First, in combined application with classical antidepressant pharmacotherapy, the mechanistic complementarity of the
two modalities is pronounced. Antidepressants elevate global cerebral monoaminergic neurotransmitter concentrations
over several weeks by inhibiting presynaptic reuptake, effectively managing severe psychomotor retardation and suicidal
ideation. However, pharmacotherapy is ill-suited to the precise correction of aberrant connectivity between specific brain
regions. The introduction of BCI-NFT at this stage enables targeted editing of plastic neural networks: neurofeedback
specifically remodels the dynamic balance between the PFC and the limbic system, compensating for the limitations of
pharmacotherapy in localized functional regulation.
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The seamless, synchronized integration of BCI with cognitive behavioral therapy (CBT) is regarded as the most
conceptually innovative intensification paradigm in current psychotherapeutic practice. The core of conventional
CBT lies in cognitive restructuring—training patients to identify, challenge, and replace the negative automatic
thoughts that perpetuate depression. In a novel combined clinical protocol, patients sit in the treatment room with
a high-precision BCI device while simultaneously receiving guidance from a psychotherapist. The system continu-
ously monitors the real-time state of the patient’s PFC in the background. When the patient successfully applies
a CBT technique to counter a negative cognition, and the system simultaneously detects a substantive increase in
frontal activity indicative of rational control, an immediate, salient positive visual reward is triggered on screen.
This mechanism—which binds covert mental processes to visible physiological indicators—enables the formation of
a robust conditioned association between cognitive strategies and specific neural states. Clinical evidence indicates
that patients receiving this synchronized combined intervention achieve markedly greater improvements on self-rated
depression scales than those undergoing CBT alone, with their baseline frontal cortex activation levels also
demonstrably elevated at a neurophysiological level.”!

A further relatively novel modality involves combining BCI-NFT with mindfulness meditation and attentional
regulation training, addressing the longstanding difficulty of objectively quantifying whether patients have genuinely
achieved states of focused attention or present-moment awareness during traditional contemplative practices.
Patients with MDD are highly susceptible to unconscious mind-wandering and negative ruminative cycles, char-
acterized by hyperactivation of the DMN. In the combined intervention, patients perform mindfulness breathing or
body scan practices with eyes closed while the BCI system employs algorithms to specifically monitor EEG rhythms
indicative of DMN activity levels. As soon as the patient’s thoughts begin to wander, the system immediately
delivers a gentle but unambiguous corrective signal, enabling patients to detect attentional lapses at their earliest
onset and redirect focus to the present moment with minimal cognitive load. In sum, within the comprehensive
treatment landscape for MDD and related psychiatric disorders, the pharmacotherapy-combined modality serves as
the bedrock for stabilizing and sustaining therapeutic gains; the CBT-combined modality functions as a precision
instrument for enhancing cognitive executive capacity; and the mindfulness-combined modality operates as
a surgical tool for severing the chains of ruminative ideation. These three modalities form a perfectly complemen-
tary closed loop along the neural intervention chain.’?

Beyond the three combined intervention modalities described above, the interdisciplinary convergence of sports
neuroscience and BCI technology is giving rise to an emerging combined intervention paradigm that warrants
dedicated attention. With the ongoing miniaturization of portable wireless EEG and fNIRS devices and improve-
ments in their tolerance to movement,”’ researchers have begun attempting to implement neurofeedback concur-
rently while patients perform aerobic exercise (eg., stationary cycling or treadmill walking), constructing an
“Exercise—BCI” concurrent intervention paradigm. In this paradigm, lightweight dry-electrode EEG caps or wearable
fNIRS probes continuously acquire prefrontal cortical neural signals during exercise and transmit them wirelessly to
a compact display screen or augmented reality glasses within the patient’s visual field, where the real-time feedback
interface is presented,’® enabling patients to receive targeted neuromodulatory reinforcement training while simul-
taneously performing aerobic exercise tasks. The theoretical rationale of this combined paradigm lies in the aerobic
exercise-induced increase in prefrontal cortical blood perfusion and elevation of cortical excitability, which provides
a more favorable neurophysiological window for the active learning mechanisms of neurofeedback. It is anticipated
to systematically improve the neuroregulatory learnability of patients who—due to executive dysfunction and
reduced motivation—are unable to effectively engage in traditional static closed-loop training (the so-called “BCI-
illiterate” population).””*® At present, clinical evidence for this combined modality remains in its early accumulation
phase, and technical challenges persist in ensuring signal quality during exercise, allocating dual-task attentional
resources, and matching optimal exercise intensity parameters. Nevertheless, the cross-disciplinary integration
prospects it demonstrates have attracted widespread attention from both the sports neuroscience and psychiatric
rehabilitation communities.
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Limitations and Future Directions of BCI-NFT in MDD Rehabilitation
Although BCI-NFT has demonstrated enormous potential in the domain of non-invasive neuromodulation for MDD,
substantial challenges remain before it can achieve large-scale clinical implementation.

First, the heterogeneity of clinical evidence and the absence of standardized experimental design represent
a fundamental obstacle. Most existing randomized controlled trials involve relatively small sample sizes (typically
fewer than 100 participants), and different research teams adopt divergent protocols for key training parameters,
including the selection of target brain regions, feedback frequency band definitions, baseline calibration methods, session
duration, and total treatment course; in addition, some studies lack clearly defined inclusion and exclusion criteria as well
as formal methodological quality assessment, which reduces comparability across studies. This methodological incon-
sistency significantly limits cross-study comparison and synthesis and also makes it difficult to conduct systematic risk-
of-bias assessments of existing studies. Consequently, systematic reviews and meta-analyses have repeatedly highlighted
that such heterogeneity substantially weakens the reliability of current clinical evidence® and greatly complicates the
development of standardized clinical practice guidelines.56

Second, the attribution of therapeutic efficacy remains a persistent methodological challenge in neurofeedback
research. In complex clinical environments, it is difficult to determine whether symptom improvement results from
genuine neural rhythm modulation or from non-specific psychosocial influences. The use of advanced technological
equipment, strong psychological expectations associated with cutting-edge therapies, frequent therapist—patient interac-
tions, and the novelty of the treatment environment may all produce significant placebo-like therapeutic effects.®’
Moreover, implementing rigorous sham-feedback control conditions is technically difficult and may raise ethical
concerns; in some studies, participants are even able to identify the sham-feedback condition, making true double-
blinding difficult to achieve. Therefore, developing stricter double-blind experimental paradigms capable of distinguish-
ing neurobiologically specific treatment effects from psychosocial influences remains an essential methodological task in
the current stage of clinical validation.

Third, the phenomenon of BCI illiteracy and substantial inter-individual variability further constrain the universal
applicability of neurofeedback interventions. Empirical studies suggest that approximately 15%-30% of patients
with MDD fail to acquire effective strategies for self-regulating neural signals even after repeated closed-loop
training sessions.®? Core symptoms of MDD, including anhedonia, attentional impairment, executive dysfunction,
and reduced motivation, may significantly hinder patients’ ability to engage in cognitively demanding neurofeedback
learning tasks. This large degree of inter-individual variability indicates that uniform training protocols cannot be
universally applied across patient populations. In addition, modality-specific technical limitations remain evident.
EEG signals are highly susceptible to ocular artifacts, muscle activity, and subtle head movements, which may be
incorrectly interpreted by algorithms as successful neural regulation. Meanwhile, the high operational costs of fMRI
and the confined scanning environment limit its scalability in primary healthcare systems and community rehabilita-
tion settings.

At the technical challenge level, the motion artifact interference problem confronting wearable BCIs in exercise-
concurrent neurofeedback settings constitutes the core engineering bottleneck constraining further advancement of
the “Exercise-BCI” combined modality. Artifacts arising during exercise—including head movement, surface
electromyographic activity, and blood flow pulsation—can readily contaminate the specificity of target neural
signals. Breakthrough advances are urgently needed in adaptive filtering, independent component analysis, and
deep learning denoising algorithms®® to ensure the quality and reliability of neurofeedback signals during exercise,
thereby establishing the hardware and algorithmic foundation for standardizing the “Exercise—-BCI” combined
intervention paradigm. Furthermore, how to systematically evaluate the optimal sequencing and integration schemes
for different exercise types, intensities, and neurofeedback training protocols remains an important issue that the
deep cross-disciplinary fusion of sports neuroscience and psychiatric rehabilitation medicine must clarify through
rigorous randomized controlled trials.

Fourth, advances in interdisciplinary integration are beginning to provide new opportunities to overcome these
limitations. The convergence of neuroscience, artificial intelligence, and clinical medicine is fundamentally transforming
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neural signal decoding technologies. Machine learning and deep learning approaches are increasingly replacing tradi-
tional linear filtering and feature extraction methods, with architectures such as convolutional neural networks enabling
more precise extraction of non-linear neural features from complex EEG signals.” In addition, reinforcement learning—
based adaptive closed-loop systems are emerging as an important research direction. These systems may dynamically
adjust feedback difficulty and reward mechanisms by continuously monitoring patients’ cognitive load, fatigue levels,
and learning trajectories, thereby improving engagement and potentially reducing the impact of BCI illiteracy.

Fifth, hardware evolution and multimodal integration are gradually overcoming the limitations of single-modality
neural recording. Multimodal neurofeedback systems that combine EEG with fMRI or fNIRS are increasingly used in
mechanistic studies.”” This approach integrates the millisecond-level temporal resolution of EEG with the high spatial
resolution of hemodynamic imaging techniques. As a result, researchers can simultaneously observe electrophysiological
dynamics in cortical oscillations and hemodynamic responses in deeper emotional circuits, providing a more compre-
hensive spatiotemporal understanding of whole-brain functional network modulation.

Finally, from the perspective of clinical translation, future neurofeedback research is likely to shift toward a precision
psychiatry framework. Given the considerable neurobiological heterogeneity of MDD, individualized treatment strategies
will become increasingly important. In this paradigm, resting-state fMRI or high-density EEG data may first be used to
stratify patients into distinct neurobiological subtypes before intervention. Neurofeedback targets, feedback modalities,
and treatment dosage could then be tailored according to specific neural characteristics, such as default mode network
hyperactivity or deficits in dorsolateral prefrontal cortex cognitive control circuits.”® With the continued development of
large-scale multicenter randomized controlled trials and long-term outcome studies, BCI-NFT may gradually transition
from an exploratory experimental technique to a standardized clinical intervention for MDD and related psychiatric

disorders.®*

Conclusion

Brain—computer interface-based neurofeedback training represents a rapidly developing neuromodulatory approach for
the rehabilitation of major depressive disorder. By enabling patients to actively regulate neural activity through real-time
feedback, BCI-NFT targets the neurophysiological substrates of depression rather than focusing solely on symptomatic
treatment. The preliminary evidence synthesized in this narrative review suggests that BCI-NFT may facilitate recovery
through the remodeling of emotion-regulation-related brain regions, normalization of abnormal EEG rhythms, and
restoration of functional connectivity within large-scale neural networks; however, it should be noted that this evidence
derives mainly from early studies with limited sample sizes, and the generalizability of these conclusions remains to be
tested in large-scale randomized controlled trials. Compared with traditional therapeutic approaches, this technology
offers the advantage of patient-centered neural self-regulation and the potential for personalized intervention. However,
important challenges remain, including heterogeneity in training protocols, limited large-scale clinical trials, placebo
effects that are difficult to fully exclude, and uncertainty regarding optimal target signals and feedback strategies. Future
research integrating multimodal neuroimaging, advanced machine-learning algorithms, and precision psychiatry frame-
works may further improve the efficacy and standardization of BCI-NFT interventions. Overall, BCI-NFT demonstrates
the potential to become an important component of comprehensive treatment strategies for major depressive disorder;
however, its broad adoption in routine clinical practice will still depend on the continued accumulation and validation
afforded by larger-scale multicenter randomized controlled trials, the establishment of standardized training protocols,
and long-term follow-up outcome studies.
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