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Abstract: Brain-computer interface (BCI) technology represents a transformative advance in
modern neurorehabilitation, offering new opportunities for restoring function in individuals affected by
paralysis. This narrative review examines BCI approaches applied to patients with spinal cord injury, stroke,
and neurodegenerative disorders. Invasive, non-invasive, and minimally invasive methodologies are
discussed, with evaluation of their utility in motor recovery, assistive device operation, and communication
restoration. A comprehensive 2025 meta-analysis demonstrated significant improvements of 3.26 points
on the Fugl-Meyer Assessment for Upper Extremity favoring BCI interventions over conventional therapy.
The expanding global BCI market, valued at USD 3.07 billion in 2025 with projections reaching USD 13.32
billion by 2035, underscores growing commercial and clinical investment. While substantial technical and
regulatory challenges persist, BCI systems hold considerable promise for enhancing rehabilitation
outcomes and restoring autonomy.
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1. Introduction

Paralysis, characterized by the partial or complete loss of muscular function in affected body regions,
impacts more than 5 million individuals across the United States, spanning etiologies that include
amyotrophic lateral sclerosis (ALS), traumatic spinal cord injury (SCI), and cerebrovascular
accidents. Historically, management strategies centered on compensatory approaches utilizing adaptive
equipment rather than addressing underlying neurological deficits. The emergence of brain-computer
interface (BCI) technology has fundamentally disrupted this paradigm, creating unprecedented avenues
for direct neural control of external apparatus and harnessing neuroplastic mechanisms to promote recovery.
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Figure 1: Schematic illustration of a BCI systemshowing neural signal
acquisitionfromthe motor cortex, wireless transmis sionto a decoder unit, and subsequent
command generationfor external device control.

these systems empower individuals with profound motor impairments to engage with their

surroundings, operate assistive technologies, and potentially regain lost capabilities through targeted
rehabilitation protocols. Since its conceptual foundations in early neurophysiological research, the
discipline has matured considerably, yielding platforms that range from wearable electroencephalographic
headsets to sophisticated cortical microelectrode arrays.

2. Understanding Brain-Computer Interface Technology

Contemporary BCI platforms are classified according to their level of invasiveness, with each category
presenting characteristic advantages and constraints regarding signal fidelity, clinical safety, and practical
deployment.
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Figure 2: Comparative overview ofthre e BCI ap proaches: non-invasiveE EG
caps(left), minimallyinvasive ECoG arrays(center), andinvasive Utah microelectrode
arrays(right).

Invasive Approaches

Invasive BCIs necessitate neurosurgical implantation of recording electrodes within cortical tissue,
most commonly targeting the primary motor cortex. The Utah array, comprising approximately 100
penetrating microelectrodes, captures multi-unit activity from individual neurons with exceptional
spatiotemporal resolution. This degree of fidelity enables multidimensional command of robotic
prosthetics and restoration of grasp function via functional electrical stimulation of paralyzed extremities.
However, chronic biocompatibility represents a formidable obstacle, as the biological foreign body
response triggers progressive glial encapsulation that attenuates recording quality over time. Surgical
risks, including hemorrhage and infection, along with the requirement for sophisticated wireless
telemetry systems, further constrain widespread adoption.

2.1 Non-Invasive Approaches

Non-invasive BCls, predominantly utilizing electroencephalography (EEG), constitute the most
extensively deployed category in clinical settings. These platforms eliminate surgical intervention imagery tasks;
steady-state visual evoked potentials elicited by flickering visual stimuli; and P300

event-related potentials supporting spelling and selection interfaces for individuals with locked-in
syndrome.

Figure 3: Clinical deployment of a non-invasivelE EG-based BCI during a motor
imagery rehabilitation ses sion with real-time neural signal monitoring.

The fundamental limitation of non-invasive recording stems from the substantial distance between
scalp electrodes and cortical generators, compounded by signal attenuation and spatial smearing as electrical
fields traverse the meninges, skull, and soft tissues. Nevertheless, innovations in machine learning-based
decoding algorithms and dry electrode technologies have produced meaningful performance improvements.

2.2 Minimally Invasive Approaches
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Minimally invasive methodologies occupy an intermediate position on the invasiveness spectrum.
Electrocorticography employs electrodes positioned on the cortical surface beneath the skull, delivering
superior resolution compared with EEG while avoiding parenchymal penetration. The Stentrode, an
endovascular electrode array introduced via standard catheterization techniques without craniotomy,
received FDA investigational device exemption approval in 2021 and has demonstrated effective computer
cursor control in human subjects. Functional ultrasound neuroimaging represents a nascent alternative
capable of detecting hemodynamic correlates of neural activity through cranial windows.

Table 1: Comparison of Brain-Computer Interface Approaches for Paralysis

Management
Approach Signal Safety Profile Primary Applications
Fidelity
Invasive (Utah array) Excellent Surgical  risks; long-term Prosthetic limb control; speech
degradation decoding
Minimally invasive (ECoG, Verygood Moderate  risk; improved Brain-spine interface; cursor
Stentrode) stability navigation
3. Clinical Applications in Paralysis Rehabilitation

3.1 Enhancing Motor Recovery Through Neuroplasticity

BCl-enabled rehabilitation harnesses activity-dependent neuroplasticity to promote motor recovery
following neurological injury. During imagined or attempted movement, neural signatures detected by
the BCI trigger contingent peripheral feedback through functional electrical stimulation or robotic
orthoses, thereby reinforcing corticospinal pathways responsible for voluntary movement generation. A
landmark 2025 meta-analysis synthesizing evidence from 17 independent investigations documented a
significant mean improvement of 3.26 points on the Fugl-Meyer Assessment for Upper Extremity favoring
BCl-based interventions, an effect exceeding the minimal clinically important difference threshold. Notably,
combination protocols integrating BCI with functional electrical stimulation demonstrated superior outcomes
relative to BCI training alone, suggesting that synchronized central and peripheral activation produces
particularly potent neuroplastic effects.

3.2 Direct Assistive Device Operation

Beyond therapeutic rehabilitation, these neural interfaces enable direct environmental
interaction for individuals with profound paralysis. The brain-spine interface exemplifies this capability:
cortical recordings decode movement intention and drive epidural electrical stimulation of the spinal
cord below the injury level, effectively bypassing the lesion. A groundbreaking clinical
demonstration enabled a patient with chronic tetraplegia to stand independently, walk on level surfaces,
negotiate staircases, and traverse irregular terrain. Remarkably, the system maintained stable calibration
throughout one year of home-based utilization, and the participant retained limited ambulatory capacity
using crutches even when the interface was deactivated, suggesting sustained neurological adaptation.
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Figure 4: A patient with spinal cordinjury utilizing a non-invasiveE EG  headsettooperate
a robotic as sistive device duringsupervised rehabilitationtraining.

composition through attentional selection, while recent advances in cortical speech decoding

have achieved translation rates exceeding 60 words per minute from neural activity alone.

Table 2: Summary of BCI Clinical Applications for Paralysis Populations

Application Domain  Target Population Recording Demonstrated Outcomes
Modality
Motor rehabilitation Stroke, SCI patients EEG motor imagery FMA-UE gain 0f3.26 points
Locomotion restoration Cervical SCI ECoG, intracortical Sustained walking over 12
months

Prosthetic manipulation Chronic tetraplegia  Intracortical arrays Multi-degree-of-freedom grasping
Augmentative ALS, locked-in ~ P300, SSVEP 10+ characters per minute
communication syndrome

4.Challenges and Future Directions

Despite substantial therapeutic promise, multiple barriers impede broad clinical integration of BCI
platforms. For implanted devices, chronic signal instability driven by reactive tissue encapsulation
remains the predominant biological obstacle. Non-invasive alternatives confront inherent physical constraints
on spatial resolution. Navigating regulatory requirements presents considerable complexity, and
reimbursement mechanisms remain ill-defined across most healthcare systems worldwide.

The global BCI marketplace, currently estimated at USD 3.07 billion with anticipated expansion to
USD 13.32 billion by 2035, reflects intensifying commercial interest. Ethical dimensions surrounding
cognitive privacy, data security, and equitable technology distribution demand careful deliberation as these
systems mature. Looking forward, artificial intelligence-enhanced decoding algorithms, fully wireless
implantable devices, and multimodal integration combining neural interfaces with virtual reality and
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robotics represent key developmental trajectories. Consumer-accessible BCI hardware designed for
residential rehabilitation is democratizing access and supporting sustained long-term training protocols.

5.Conclusion

Brain-computer interface technology occupies a critical transitional phase between experimental
neuroscience and routine clinical care. Accumulated evidence substantiates meaningful therapeutic
benefits for paralyzed individuals, with quantitative syntheses confirming motor improvements that surpass
thresholds for clinical significance. Beyond formal rehabilitation contexts, direct neural control of
assistive technologies is restoring communicative ability, manipulative function, environmental
navigation, and ambulation in patients previously considered permanently disabled.

Available platforms now span the complete invasiveness continuum, from external EEG systems
supporting rehabilitation to penetrating microelectrode arrays enabling dexterous prosthetic control, with
emerging intermediate approaches offering compelling risk-benefit profiles. Each modality presents distinct
advantages and limitations that must be carefully weighed against individual patient characteristics, goals,
and preferences.

Realizing the full transformative potential of this technology will require concerted
multidisciplinary efforts to address signal stability, optimize non-invasive performance, streamline
regulatory pathways, and ensure equitable access. The convergence of advanced materials science,
wireless engineering, artificial intelligence, and deepening comprehension of nervous system organization
portends remarkable advances in the decades ahead. Success will ultimately be measured not through
technical specifications, but through the restored independence and dignity experienced by the
individuals whose lives are touched by these extraordinary technologies.
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