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Abstract

Artificial intelligence (AI) and neurotechnologies are redefining neuropsy-
chological rehabilitation, enabling precision-guided, real-time neuromodula-
tion. This review introduces the Aybrid mind paradigm—a convergence of bi-
ological and artificial cognition—operationalized through Al-enhanced brain-
computer interfaces (BClIs), deep brain stimulation (DBS), and adaptive neu-
rofeedback. These technologies integrate closed-loop modulation and neu-
roadaptive algorithms to optimize neuroplasticity and functional recovery.
While Al-driven systems show promise in cognitive and motor domains,
translational barriers persist, including algorithmic opacity, neural data gov-
ernance, and fragmented regulation. We synthesize recent evidence and out-
line strategic priorities: implementation of explainable Al frameworks, devel-
opment of non-invasive neuromodulatory alternatives, and global harmoni-
zation of ethical standards. As Al and neuroscience converge, the hybrid mind
paradigm signals a pivotal shift toward individualized, ethically guided neu-
rorehabilitation.

Keywords
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1. Introduction

Over the past decades, neuropsychological rehabilitation has undergone a pro-
found paradigmatic transformation, catalyzed by accelerated advancements in
neurotechnology and artificial intelligence (AI). The interplay between the human

brain and technological systems—often mediated by sophisticated AI algo-
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rithms—has culminated in the conceptualization of the “hybrid mind”, a frame-
work that synergistically integrates human cognitive processes with advanced
computational systems to augment neurocognitive and neuromotor recovery.

The hybrid mind paradigm embodies a convergence of biological and Al,
wherein Al-driven neurotechnologies enhance both cognitive and functional ca-
pabilities. This paradigm represents a departure from traditional neurorehabilita-
tion models by incorporating real-time neurophysiological monitoring, closed-
loop neurostimulation, and Al-enhanced cognitive augmentation. Initial notions
of the hybrid mind emerged from early brain-computer interface (BCI) applica-
tions in the 1970s, which used electroencephalography (EEG) to decode neural
signals. Contemporary models, however, leverage deep learning algorithms, adap-
tive neurofeedback, and non-invasive neuromodulation to create personalized,
self-regulating therapeutic protocols [1] [2]. Although early BCI developments
demonstrated the viability of non-invasive neural communication, substantial ad-
vancements since the 2000s—driven by device miniaturization, enhanced compu-
tational power, and Al-assisted neural decoding—have significantly enhanced
system efficiency [3] [4]. These Al-enhanced models now facilitate real-time neu-
ral signal processing and enable bidirectional interfacing between the brain and
external devices [5].

In contrast to conventional neuropsychological strategies that predominantly
target biological and behavioral mechanisms, hybrid mind technologies employ
ATl and closed-loop neurofeedback to dynamically promote neuroplasticity [6] [7].
Traditional interventions such as cognitive-behavioral therapy and repetitive-task
training rely on static therapeutic frameworks. Hybrid models, however, utilize
Al-based adaptive learning systems that tailor interventions in real time, based on
ongoing neural activity [2] [8]. Furthermore, the incorporation of robotic-assisted
therapy and neuroprosthetics has expanded the potential of BCIs, offering indi-
vidualized rehabilitation paradigms that surpass the constrains of conventional
methodologies [9]. These developments underscore the transformative role of AI
in aligning BCIs with neuroadaptive rehabilitation, thereby advancing precision
in neuromodulation and cognitive restoration [7].

Recent empirical findings indicate that deep brain stimulation (DBS) and BClIs
can facilitate accelerated cortical reorganization in individuals with acquired brain
injuries, significantly augmenting the outcomes of standard therapeutic protocols
[10] [11]. Nevertheless, the clinical translation of hybrid mind technologies re-
mains challenged by limited clinical validation, regulatory ambiguity, and under-
developed ethical frameworks. Despite the therapeutic promise of BCIs and DBS,
persistent issues regarding neural data governance, algorithmic opacity, and eq-
uitable access continue to hinder large-scale implementation. Addressing these
barriers is essential for ensuring the safe, ethical, and efficacious deployment of
such technologies in real-world clinical contexts.

At its core, the hybrid mind paradigm represents a paradigm shift in neuropsy-

chological rehabilitation by bridging biological and artificial cognition. Tradi-
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tional interventions, although often effective, are constrained by inter-individual
variability in treatment responsiveness. In contrast, hybrid approaches enable
real-time, individualized modulation of therapeutic strategies informed by con-
tinuous neural feedback. For instance, standard stroke rehabilitation generally
comprises therapist-guided motor exercises, whereas hybrid methods integrate
BCIs with immersive virtual reality to enhance cortical activation and expedite
motor recovery [12]. Additionally, Al-based analyses of neural patterns facilitate
ongoing optimization of treatment trajectories, thereby improving clinical out-
comes.

Despite these advancements, the clinical assimilation of hybrid mind technolo-
gies raises several critical ethical and regulatory issues. Chief among them are con-
cerns regarding neural data privacy, due to the inherently sensitive nature of neu-
rophysiological information, and the opacity of Al-driven decisions, which may
compromise patient safety and undermine clinical accountability. Moreover, un-
equal access to cutting-edge neurotechnologies threatens to exacerbate existing
healthcare disparities. These challenges highlight the urgent necessity for compre-
hensive regulatory infrastructures that equitably balance innovation and accessi-
bility. Effective clinical translation will depend on the development of standard-
ized procedural protocols and large-scale multicenter trials to rigorously evaluate
the safety, efficacy, and scalability of hybrid neurotechnological interventions
[13]-[16].

Beyond individual-level applications, the deployment of hybrid neurotechnol-
ogies is instigating structural transformations in the delivery of neurorehabilita-
tion services. Hybrid models combining in-person and remote care—particularly
through teleneuropsychology—have shown promise in expanding access to un-
derserved regions [17]. Furthermore, mounting evidence suggests that digital
neurorehabilitation platforms enhance patient adherence and clinical efficacy,
while alleviating logistical and financial burdens [18].

Nevertheless, several pivotal methodological and ethical challenges remain un-
resolved. The acquisition and analysis of neural data necessitate stringent security
protocols to protect patient confidentiality. Moreover, the validation of hybrid
neurotechnologies depends upon a robust corpus of randomized controlled trials
capable of establishing long-term safety and efficacy in diverse clinical environ-
ments [19]. The rapid pace of Al and neurotechnological innovation has revealed
a significant regulatory and evidentiary void: the absence of harmonized clinical
and legal standards requisite for large-scale integration. While emerging research
affirms the benefits of BCIs, DBS, and Al-assisted rehabilitation, broader adoption
is still constrained by the lack of unified frameworks and longitudinal outcome
data.

In response to these multifaceted challenges, this review employs an explora-
tory horizon-scanning methodology with two primary objectives: 1) to map recent
advancements in the integration of neurotechnologies within neuropsychological

rehabilitation, and 2) to delineate the key methodological, ethical, and regulatory
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barriers inhibiting their clinical translation.

The review is anchored by the following research question: How do methodo-
logical limitations, ethical considerations, and regulatory constraints impact the
clinical translation of AI-driven neurotechnologies, including BCIs and DBS, in
neuropsychological rehabilitation?

To address this inquiry, we conducted an exploratory literature review to eval-
uate the current landscape of neurotechnological applications in neuropsycholog-
ical rehabilitation. Unlike systematic reviews, which emphasize methodological
reproducibility, this analysis seeks to identify emergent themes, knowledge gaps,
and unresolved challenges within the field. Literature searches were conducted
using databases such as PubMed, Scopus, and Web of Science, supplemented by
domain-specific sources relevant to the clinical implementation of neurotechnol-
ogies. The search strategy was guided by rigorously defined, domain-specific de-

scriptors—including “Al-driven neurorehabilitation,” “brain-computer inter-

» « » «

faces,” “deep brain stimulation,” “adaptive neurofeedback,” and “precision neu-
ropsychological rehabilitation”—to ensure both conceptual rigor and thematic

comprehensiveness.

2. BCI for Precision Neurocognitive Rehabilitation

BCIs represent a paradigmatic breakthrough in neuropsychological rehabilitation,
enabling direct interfacing between neural substrates and external systems to
modulate and restore both cognitive and motor functions. Originally developed
for motor rehabilitation in individuals with neurological impairments—such as
stroke, spinal cord injury, and neurodegenerative diseases [12]—BCIs have since
evolved to encompass broader applications, including cognitive enhancement and
neuroadaptive therapeutic strategies.

Recent advancements have coalesced into multimodal BCI architectures that
synergistically integrate cortical activity-controlled neural prosthetics, EEG-
guided neurostimulation, and Al-augmented adaptive neurofeedback to en-
hance neuroplasticity and accelerate functional restoration [20] [21]. These
closed-loop, self-optimizing platforms dynamically calibrate stimulation pa-
rameters in response to ongoing neurophysiological signals, thereby enabling
real-time personalization of therapeutic inputs [22]. Clinically, the integration
of such BCI systems into conventional neurorehabilitation protocols—particu-
larly in post-stroke motor recovery—has demonstrated superior efficacy in fa-
cilitating cortical reorganization and synaptic reconnection. A randomized con-
trolled trial by Zhao et al [23] revealed that stroke patients undergoing a four-
week BCI-mediated robotic training program, combined with physiotherapy,
exhibited significantly enhanced lower-limb motor recovery and cognitive per-
formance compared to a sham control group. These improvements were accom-
panied by elevated serum brain-derived neurotrophic factor (BDNF) levels and
reduced motor-evoked potential (MEP) latency, reflecting heightened neuro-

plastic responsiveness. Collectively, these outcomes signify a conceptual shift
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toward precision neurorehabilitation, underpinned by Al-driven, patient-spe-
cific neuromodulation frameworks.

Beyond motor rehabilitation, BCIs have exhibited notable efficacy in cognitive
recovery, particularly in modulating attentional processes, working memory, and
executive control. Recent studies demonstrate that BCI-mediated neurocognitive
training paradigms enhance functional connectivity across the frontoparietal and
default mode networks, indicating accelerated neural integration in individuals
with acquired brain injuries (ABI) and post-stroke aphasia [24] [25]. Further-
more, the integration of BCI-driven neurofeedback with virtual reality—enhanced
rehabilitation environments has been shown to amplify user engagement and fos-
ter neuroadaptive learning, thereby improving long-term cognitive recovery tra-
jectories [26] [27].

Despite these advances, several persistent barriers continue to hinder the clin-
ical translation of BCI technologies. Key challenges include prohibitive device
costs, the requirement for clinician-specific technical training, and cognitive fa-
tigue arising from prolonged or high-demand BCI use—particularly in resource-
constrained clinical settings [28] [29]. Additionally, inter-individual variability
in neuromodulatory response—shaped by factors such as lesion severity, age,
cognitive baseline, and inherent neural plasticity—has been widely acknowl-
edged as a major impediment to protocol standardization, reinforcing the im-
perative for personalized intervention paradigms to optimize therapeutic effi-
cacy [30] [31].

Emerging research has proposed hybrid BCI systems incorporating Al to dy-
namically modulate rehabilitation parameters in response to real-time neural
feedback [32]. These Al-enhanced BCIs deploy machine learning algorithms to
optimize neurostimulation profiles, potentially mitigating fatigue and enhancing
adaptive neuroplasticity [23]. However, concerns related to algorithmic transpar-
ency, data privacy, and the interpretability of AI-generated decisions remain for-
midable. Studies emphasize that the opacity of AI-BCI systems may undermine
clinical trust among practitioners and patients alike, underscoring the urgent need
for Explainable AI (XAI) frameworks [33]. Notably, XAI-driven tools such as
MoveXAIhave shown promise in improving the interpretability and reliability of
Al-supported neurorehabilitation models, thereby facilitating greater clinical ac-
ceptance and regulatory alignment.

While the evidence base supporting BCI efficacy continues to expand, large-
scale, multicenter clinical trials remain indispensable to validate the long-term
therapeutic impact of these systems across diverse patient populations [34]. Fu-
ture research must prioritize the optimization of hybrid BCI-AI platforms, im-
provement of cost-effectiveness, and resolution of regulatory challenges to ensure
widespread clinical deployment. As BCI technology evolves, its convergence with
adaptive Al-driven interventions and real-time neuroplasticity monitoring repre-
sents a paradigm shift in personalized neurorehabilitation, ushering in a new era

of precision-guided cognitive and motor recovery.
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3. Neuromodulatory Mechanisms of DBS in Cognitive and
Motor Rehabilitation

DBS has emerged as a potent neuromodulatory intervention for patients with mo-
tor and cognitive impairments arising from stroke, traumatic brain injury (TBI),
and neurodegenerative disorders. By directly stimulating subcortical structures,
DBS facilitates cortical reorganization, synaptic plasticity, and enhanced neuro-
functional recovery. Clinical trials have demonstrated that dentate nucleus stim-
ulation via DBS can significantly augment motor rehabilitation in chronic stroke
patients, leading to notable improvements in upper limb functionality and fine
motor coordination [35].

Recent investigations have underscored the role of DBS in modulating cortico-
spinal networks, enhancing functional connectivity, and amplifying the therapeu-
tic effects of intensive physical therapy in post-stroke rehabilitation [36]. When
integrated with constraint-induced movement therapy (CIMT) and robotic-as-
sisted rehabilitation, DBS has been shown to attenuate disuse atrophy and accel-
erate cortical reorganization, reinforcing the synergistic potential of multimodal
neurorehabilitation strategies [37] [38].

Beyond motor recovery, DBS has demonstrated promise in cognitive restora-
tion, particularly among patients with TBI, Alzheimer’s disease, and post-stroke
cognitive deficits. However, emerging longitudinal evidence suggests that DBS-
induced neuroplasticity may produce both beneficial and maladaptive outcomes
over time. For example, although basal ganglia stimulation enhances motor func-
tion, chronic DBS in Parkinson’s disease has been associated with cognitive fluc-
tuations and long-term neuropsychiatric side effects, including impulsivity and
executive dysfunction [39].

Similarly, while DBS-induced cortical plasticity supports language recovery in
post-stroke aphasia, its long-term sustainability—particularly beyond five years—
remains uncertain, necessitating further investigation [40]. DBS targeting the ba-
sal nucleus of Meynert has been explored as a method for enhancing memory
consolidation and attentional regulation in early-stage Alzheimer’s disease, with
findings indicating increased functional connectivity in executive control circuits
[39]. Additionally, stimulation of the thalamus and dorsolateral prefrontal cortex
has been examined in the context of post-stroke aphasia recovery, with prelimi-

nary data suggesting improvements in verbal fluency and lexical retrieval [40].

Optimizing DBS: Al-Driven Personalization and Translational
Barriers

Despite its therapeutic potential, DBS efficacy remains markedly variable, influ-
enced by patient-specific factors such as age, lesion severity, and the timing of
intervention post-injury. Younger individuals generally exhibit greater neuro-
plastic adaptability, whereas older patients may require personalized calibration
of stimulation parameters to achieve optimal therapeutic benefit [36]. The inte-

gration of Al-based neuromodulation strategies has been proposed to refine DBS
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precision, allowing for real-time, data-driven modulation of stimulation intensity
and frequency according to individualized neural responses [35]. Adaptive DBS
systems, leveraging closed-loop Al frameworks, dynamically adjust stimulation
settings in response to continuous electrophysiological feedback, offering a highly
individualized treatment approach [41].

Although Al-enhanced DBS represents a paradigm shift in neuropsychological
rehabilitation, several obstacles impede its broader clinical implementation. These
include the technical complexity of surgical implantation, elevated device costs,
and the need for long-term maintenance, which collectively pose substantial chal-
lenges—particularly in resource-constrained healthcare ecosystems [42]. Accessi-
bility is further limited by the requirement for specialized clinical expertise, re-
stricting its use to advanced neurorehabilitation centers.

Moreover, the financial burden associated with DBS remains significant. Pro-
cedural costs frequently exceed $50,000 per patient and are further compounded
by lifelong device maintenance and recalibration demands [43] [44]. These eco-
nomic constraints disproportionately affect underserved populations, where ac-
cess to complex neurotechnologies is already limited by healthcare workforce
shortages and infrastructural deficits. Without strategic policy interventions—
such as cost-reduction initiatives, insurance reimbursement frameworks, and
public-private partnerships—the clinical promise of Al-optimized DBS may re-
main inaccessible to low-resource settings, exacerbating global disparities in neu-

rorehabilitation outcomes [45].

4. Hybrid Neurorehabilitation Paradigms: From Cognitive
Interventions to Intelligent Therapeutics

The integration of traditional neuropsychological rehabilitation strategies with
emerging neurotechnologies has facilitated the development of hybrid therapeutic
frameworks, combining evidence-based methodologies with AI-driven personal-
ization, VR, neurofeedback, and BCIs [17]. These approaches leverage the syner-
gistic capabilities of multimodal systems to optimize neurorehabilitation out-
comes. The convergence of BCIs with Al and VR has demonstrated notable effi-
cacy in post-stroke rehabilitation by enhancing cortical activation and neuro-
plastic responsiveness through immersive neurofeedback environments [21].
Similarly, Al-enhanced DBS has been applied to the neuromodulation of move-
ment disorders, enabling real-time modulation of stimulation parameters based
on oscillatory neural signal dynamics [29]. The integration of neurofeedback with
Al-powered cognitive training has also been explored in the treatment of neuro-
developmental disorders, such as autism spectrum disorder (ASD), reinforcing
targeted neural pathways via personalized, adaptive reinforcement paradigms de-
livered through gamified and mobile neurotechnological platforms [46]. Collec-
tively, these multimodal constructs represent the next frontier in precision neu-
rorehabilitation, uniting biological adaptability with computational intelligence to

enable real-time, individualized therapeutic modulation.
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The application of Al in neuropsychological rehabilitation has redefined ther-
apeutic paradigms by enabling interventions to adapt dynamically in response to
neural activity patterns and clinical progress [32]. Machine learning algorithms,
trained on cognitive and neurophysiological biomarkers, have been used to opti-
mize rehabilitation exercises and cognitive training protocols in real time, facili-
tating individualized treatment trajectories [6]. The development of XAI frame-
works has further advanced clinical decision-support systems by ensuring trans-
parent and interpretable neurorehabilitation protocols for both clinicians and pa-
tients [33]. In parallel, Al-assisted teleneuropsychology platforms have demon-
strated potential in expanding access to rehabilitation services in remote and un-
derserved regions, thereby mitigating disparities through cost reduction and en-
hanced therapeutic efficiency [15].

The incorporation of VR and augmented reality (AR) into neurorehabilitation
has introduced novel, immersive modalities for cognitive and motor recovery by
creating enriched learning environments that promote neuroplasticity [47]. VR-
based interventions have proven effective in enhancing visuospatial attention and
executive functioning in stroke patients with unilateral spatial neglect, offering eco-
logically valid, interactive environments that foster cognitive engagement [48]. Un-
like VR, which fully immerses patients in simulated scenarios, AR superimposes
digital elements onto real-world settings, providing a less immersive but more con-
textually integrated rehabilitation experience. Recent clinical trials and systematic
reviews have shown that AR-based interventions improve spatial cognition and so-
cial interaction, particularly in the treatment of age-related cognitive decline [49].

EEG-based neurofeedback has gained prominence as a non-invasive technique
in neuropsychological rehabilitation, empowering patients to self-modulate neu-
ral activity through real-time feedback protocols [50]. This technique has been
widely implemented in managing attention deficit hyperactivity disorder (ADHD),
post-stroke deficits, and neurodegenerative disorders, supporting the functional
reorganization of impaired cortical networks [51]. The integration of neurofeed-
back with digital therapeutic platforms and gamified rehabilitation environments
has further increased patient adherence and engagement, reinforcing principles
of neuroadaptive learning [52].

BClIs have been extensively studied in both motor and cognitive domains, ena-
bling direct interfacing between neural activity and external assistive technologies.
Clinical applications have demonstrated significant success in restoring verbal
communication in individuals with post-stroke aphasia by facilitating neuro-
plastic changes in language-related cortical circuits [27]. Moreover, BCI-induced
neuroplasticity has been associated with enhancements in executive functioning,
including sustained attention and working memory [53]. Recent clinical trials
show that when BCI-mediated rehabilitation is combined with conventional phys-
iotherapy or mirror therapy, it results in synergistic improvements in both motor
and cognitive recovery among post-stroke patients. Zhao and colleagues [54] re-

ported improved lower-limb motor function and cognitive performance following
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a BCI-controlled robotic training protocol integrated with conventional therapy,
while Mang et al [55] observed amplified neuroplastic and behavioral outcomes
through the incorporation of BCI-based interventions with mirror therapy—acti-
vating both motor and mirror neuron systems in a closed-loop neurorehabilita-
tion architecture.

The rise of digital rehabilitation ecosystems, including mobile applications and
web-based cognitive training platforms, has introduced scalable, flexible alterna-
tives to traditional in-person therapies. These systems dynamically personalize
cognitive tasks based on performance metrics and neurobiological biomarkers,
thus optimizing individualized therapeutic protocols [51]. Teleneuropsychology
has emerged as a robust model for the long-term delivery of interventions, partic-
ularly in geographically isolated or underserved areas with limited access to spe-
cialized neurological care [56]. Additionally, research indicates that incorporating
adaptive feedback systems and gamification techniques into digital rehabilitation
platforms markedly enhances patient engagement and clinical outcomes [57].

Despite these innovations, several persistent challenges continue to impede the
widespread adoption of hybrid neurorehabilitation models. Chief among these is
the absence of rigorous clinical validation through randomized multicenter trials,
which limits the development of standardized intervention protocols and under-
scores the need for longitudinal efficacy assessments [19]. Furthermore, the high
financial costs associated with advanced neurotechnologies, combined with a
shortage of specialized training for clinicians, exacerbate existing accessibility in-
equities [43] [44]. Ethical concerns regarding data privacy, algorithmic bias, and
the opacity of Al-based therapeutic decisions further complicate the regulatory
environment, raising concerns about long-term safety and equitable access to neu-
rotechnological interventions [58].

Addressing these issues will require strategic prioritization of research and pol-
icy initiatives focused on improving the scalability, affordability, and regulatory
standardization of hybrid cognitive rehabilitation models. Advances in explaina-
ble AI, real-time neurofeedback systems, and Al-guided cognitive assessment
tools hold the potential to revolutionize precision neurorehabilitation, ensuring
that such innovations remain both clinically viable and ethically defensible. The
establishment of comprehensive international guidelines will be essential for cre-
ating coherent regulatory frameworks, fostering the safe, effective, and equitable
integration of hybrid neurotechnologies into standard clinical practice. A com-
parative analysis of these neurotechnologies—their principal applications, thera-

peutic benefits, and limitations—is summarized in Table 1.

5. Ethical and Regulatory Frontiers in AI-Augmented
Neuromodulation

The integration of neurotechnologies and Al in neuropsychological rehabilitation
introduces complex and multifaceted ethical and regulatory challenges, particu-

larly concerning the protection of neurorights. Although, existing data protection
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Table 1. Functional and translational characteristics of AI-driven neurotechnologies in cognitive and motor rehabilitation.

Technology Primary Applications Clinical Benefits Challenges & Limitations  Type
BCIs + Al Motor and cognitive Al-mediated neuroadaptive Resource-intensiveness; Multimodal
neurorehabilitation feedback enables real-time high training burden; (software +
personalization limited integration in hardware)
standard care
DBS + Al Neuromodulation in Closed-loop stimulation Invasiveness; regulatory Hardware-based
movement and cognitive  enhances targeted complexity; long-term implantable
disorders neuroplasticity monitoring deficits systems
Neurofeedback  Cognitive enhancement  Personalized neurocognitive ~ Requires sustained patient ~ Software-based
+ Al (e.g., ADHD, stroke) training based on adaptive engagement; limited therapeutic
signal decoding standardization interface
BCI + VR Stroke and traumatic Immersive VR-based Accessibility limitations in ~ Hybrid (interactive
brain injury recovery neurofeedback enhances low-resource settings; software +
therapy engagement and device standardization hardware)
sensorimotor integration gaps
Al-based Memory and executive Real-time task adaptation Algorithmic opacity; lack Software-only
Cognitive function rehabilitation informed by cognitive of longitudinal clinical digital platform
Training biomarkers validation

statutes—such as the General Data Protection Regulation (GDPR) in Europe and
Brazil’s General Data Protection Law (LGPD-Lei Geral de Prote¢ido de Dados)—
offer broad privacy safeguards, they fall short of addressing the intricacies associ-
ated with neural data acquisition, processing, and proprietary claims, thereby
highlighting the necessity for dedicated neuroregulatory frameworks [59]. Ad-
vancements in neuroethics increasingly emphasize the critical importance of for-
mally recognizing neurorights as fundamental protections for mental privacy,
cognitive liberty, and personal identity [60]-[62].

The rapid proliferation of BCIs, DBS, and Al-enhanced neurofeedback systems
has intensified demands for robust legal mechanisms to prevent unauthorized
neural data collection, neurosurveillance, behavioral profiling, and cognitive ma-
nipulation. In the absence of comprehensive governance structures, neural data
remain vulnerable to commercial exploitation and insufficient oversight, espe-
cially in non-clinical settings where corporate and governmental entities may de-
ploy neurotechnologies for purposes such as neuromarketing, cognitive perfor-

mance monitoring, or coercive neuromodulation [14].

5.1. Cognitive Sovereignty, Neural Data Governance, and Al
Interpretability

Among the most pressing issues in neurotechnology ethics is the defense of cog-
nitive liberty—the right to mental self-determination. As neurotechnologies are
increasingly implemented in clinical, occupational, and military environments,
scholars have expressed serious concerns over the potential for coercive neuro-

modulation and invasive cognitive surveillance, calling for legislative reforms that
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extend beyond conventional data privacy statutes such as the GDPR and LGPD to
explicitly enshrine neurorights [62]-[64].

Equally critical is the question of neural data ownership and governance. Unlike
traditional biometric identifiers, neural signals encode dynamic, deeply personal
information that may reveal cognitive states, emotional patterns, and subcon-
scious predispositions [65]. The extraordinary sensitivity of these data necessitates
specialized regulatory instruments that transcend existing medical privacy frame-
works to ensure individual sovereignty over neurodata and to prohibit unauthor-
ized third-party access—particularly in commercial or non-medical contexts.

Algorithmic transparency within AI-driven neuromodulation constitutes an-
other core ethical challenge. Closed-loop neurotechnologies—such as adaptive
DBS systems that autonomously adjust stimulation parameters—pose risks of un-
intended cognitive alterations and diminished patient agency [32]. The opacity of
black-box AI models exacerbates issues of clinical accountability, making it diffi-
cult for stakeholders to interpret or contest the computational decisions driving
neuromodulatory outcomes. The implementation of XAI frameworks has been
proposed to enhance transparency, clinical trust, and ethical accountability, par-
ticularly in high-risk applications such as adaptive, Al-controlled DBS, where in-
terpretability is essential for maintaining therapeutic oversight and mitigating ad-

verse neurocognitive effects [2] [66] [67].

5.2. Governing Al-Neurotechnology: Bridging Legal Gaps and
Ethical Imperatives

Despite the accelerated evolution of AI-driven neurotechnologies, existing regu-
latory infrastructures remain fragmented, inconsistent, and largely inadequate in
addressing the ethical, legal, and technological intricacies of AI-enhanced neuro-
modulation [14] [68]-[70].

A further concern is the methodological limitations of current clinical trials
evaluating DBS and other Al-assisted neuromodulatory techniques. Many studies
suffer from small sample sizes and short follow-up durations, thereby impeding
comprehensive assessments of long-term functional, cognitive, and affective out-
comes [71]-[74].

Additionally, the absence of standardized legal frameworks governing both
neural data protection and Al decision-making accountability presents significant
risks to patients undergoing cognitive and motor neurorehabilitation. While
Chile’s 2021 Constitutional Amendment on Neurorights represents a pioneering
policy milestone in defending mental privacy and cognitive freedom, analogous
legislative efforts remain rare in other jurisdictions. This regulatory void raises
urgent concerns over data sovereignty, algorithmic opacity, and the lack of insti-
tutional mechanisms for ethical scrutiny and legal recourse in the context of AI-
mediated neurointerventions [14] [68] [75]-[77]. The proposed EU Al Act intro-
duces preliminary provisions for regulating AI-driven biometric and neural data

processing; however, critics argue that these measures fail to comprehensively ad-
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dress the ethical and clinical ramifications of Al-enabled adaptive neuromodula-
tion [59].

5.3. Global Governance Architectures for Al-Integrated
Neurotechnologies

The global expansion of Al-driven neurotechnologies across both clinical and
non-clinical spheres underscores the urgent need for an internationally coordi-
nated regulatory framework. Although regional initiatives—such as the European
Union’s AI Act and Chile’s constitutional amendment on neurorights—represent
important precedents, the broader international legal landscape remains highly
fragmented. Without harmonized global governance, the ethical deployment,
clinical safety, and equitable access to Al-enhanced neuromodulation remain at
risk [59] [78].

One particularly pressing concern is the lack of standardized safety protocols
for the long-term monitoring of neuromodulation outcomes. Existing medical de-
vice regulations typically focus on acute physiological effects, neglecting the cu-
mulative cognitive, emotional, and personality-related consequences associated
with chronic Al-mediated neuromodulation. The growing body of evidence on
maladaptive neuroplasticity induced by prolonged DBS and BCI applications calls
for multinational guidelines that incorporate long-term patient assessment, adap-
tive Al recalibration, and robust ethical safeguards [66].

Optimizing adaptive AI-DBS architectures will require continuous neural mon-
itoring to dynamically adjust stimulation parameters and mitigate maladaptive
plasticity while preserving therapeutic efficacy [79]. Moreover, integrating ethical
algorithmic constraints is imperative to prevent Al systems from exceeding opti-
mal neuroadaptive thresholds, thus reducing the risk of cognitive overstimulation
or unintended alterations in personality [80].

Concurrently, the development of non-invasive neuromodulatory approaches—
such as transcranial magnetic stimulation (TMS) and low-intensity focused ultra-
sound (LIFU)—has emerged as a strategic research direction aimed at mitigating
the procedural risks of invasive DBS. When combined with AI-guided precision-
targeting algorithms, these technologies offer enhanced safety and accessibility.
Recent innovations in personalized TMS protocols, trained on machine learning
models, have demonstrated improved outcomes in cognitive and affective disor-
ders, while ultrasonic neuromodulation enables subcortical engagement without
surgical intervention [81] [82]. Integrating these non-invasive, Al-augmented
strategies into cognitive rehabilitation paradigms may optimize neuroplastic
modulation, reduce patient burden, and improve adherence.

A major impediment to the validation and global adoption of Al-driven neuro-
modulation is the limited scope of multicenter clinical trials. Most studies are con-
strained by short-term evaluation windows, precluding robust analysis of the lon-
gitudinal neurocognitive and psychiatric impacts of DBS and BCI systems [83]-
[85].
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Given the transnational deployment of Al-based neurotechnologies, the estab-
lishment of internationally harmonized governance frameworks is imperative to
mitigate regulatory discrepancies and prevent the emergence of algorithmic biases
in unregulated neuromodulatory environments. The standardization of AI audit-
ing mechanisms across jurisdictions would serve as a crucial safeguard against
unintended cognitive and behavioral effects of Al-driven interventions [68] [86].
Moreover, the formation of global Al ethics consortia would support the develop-
ment and enforcement of neurodata protection standards, ensuring that patient
autonomy and ethical integrity are preserved irrespective of geopolitical bounda-
ries [87] [88].

The persistent opacity of Al decision-making processes necessitates the inte-
gration of XAI frameworks into real-time clinical neuromodulation workflows.
Embedding XAI tools would enable clinicians, patients, and regulators to inter-
pret and evaluate Al-generated stimulation outputs, thus enhancing transparency,
trust, and accountability in neurorehabilitative interventions [32].

Ensuring neural data privacy, enforcing Al transparency, and promoting equi-
table access to neurotechnological innovations must remain central pillars of the
global policy agenda for Al-driven neuromodulation. Future regulatory strategies
must prioritize interdisciplinary collaboration among neuroscientists, ethicists,
and policymakers to ensure that Al-enhanced neuromodulation advances human
well-being without compromising ethical standards or undermining individual

autonomy.

6. Synthesis and Outlook: The Future of Hybrid
Al-Neurotechnological Interventions

The integration of AI and neurotechnologies into neuropsychological rehabilita-
tion has fundamentally reconfigured conventional therapeutic paradigms, ena-
bling precision-guided, adaptively modulated interventions that enhance both
cognitive and motor recovery. The hybrid mind paradigm—defined by the con-
vergence of Al, BCIs, DBS, and neurofeedback—has demonstrated unprece-
dented potential to optimize neuroplasticity and expedite functional restoration.
The capacity of Al-driven neurorehabilitation to deliver real-time, individualized
neuromodulation represents a paradigmatic shift away from static, protocol-
based approaches toward dynamic, data-driven therapeutic architectures tailored
to patient-specific neural profiles.

Despite these transformational advances, several critical impediments continue
to constrain the widespread clinical translation of hybrid neurotechnologies. Reg-
ulatory and ethical ambiguities—particularly regarding neural data sovereignty,
algorithmic transparency, and cognitive autonomy—remain formidable barriers.
Although existing data protection frameworks, such as the GDPR in Europe and
the LGPD in Brazil, offer broad-spectrum privacy protections, they fail to address
the singular complexities associated with neural data processing, interpretation,

and ownership. Moreover, the substantial financial costs linked to DBS implanta-
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tion, Al-augmented BCls, and advanced neurofeedback platforms exacerbate so-
cioeconomic inequities, confining access primarily to high-resource healthcare
systems and thereby limiting the global reach of these innovations.

To fully realize the clinical and societal potential of hybrid neurotechnologies,
future research must prioritize three core domains: 1) the optimization of closed-
loop AI neuromodulatory systems, ensuring real-time adaptability while mitigat-
ing the risk of maladaptive neuroplastic outcomes; 2) the development and vali-
dation of non-invasive alternatives to invasive neuromodulation (e.g., DBS),
thereby enhancing accessibility and minimizing procedural risks; and 3) the exe-
cution of longitudinal, multicenter clinical trials to generate robust, generalizable
evidence on long-term neurocognitive, behavioral, and functional outcomes.
Concurrently, the integration of explainable AI (XAI) frameworks will be indis-
pensable in ensuring algorithmic interpretability, reinforcing both clinical trust
and regulatory compliance.

Ultimately, the successful deployment of Al-driven neurotechnologies will de-
pend on a harmonized approach that reconciles technological innovation with
ethical stewardship. Advancing global governance infrastructures, standardizing
clinical validation protocols, and fostering interdisciplinary collaboration among
neuroscientists, ethicists, technologists, and policymakers will be essential to en-
suring that hybrid neurorehabilitation remains both clinically efficacious and eth-
ically tenable. By confronting these challenges proactively, Al-enhanced neuro-
technologies will not only improve neurological rehabilitation outcomes but will
also redefine the trajectory of personalized neurorehabilitation, catalyzing the

emergence of precision medicine in cognitive and motor recovery.
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