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BCI NEUROINTERFACES:
SYSTEMATIC REVIEW ON NEURAL CONTROL TO
RESTORE MOTOR FUNCTION AFTER PARAPLEGIA

NEUROINTERFACES BCI:
REVISION SISTEMATICA SOBRE EL CONTROL NEURONAL
PARA RESTAURAR LA FUNCION MOTORA TRAS PARAPLEJIA

ABSTRACT

Brain-computer interfaces (BCls) are a strategy for restoring motor and sensory functions in people with spinal cord injury, overcoming the
limitations of conventional treatments. This systematic review, conducted following the Preferred Reporting ltems for Systematic Reviews and
Meta-Analyses (PRISMA) guideline, analyzed twelve studies published between 2020 and 2025, including case reports, randomized trials, and
multicenter trials. The search was carried out in PubMed and Google Scholar, supplemented with Rayyan to remove duplicates. Clinical or
experimental trials in humans on paraplegia with neural bridge interventions (cortical implants, epidural stimulation, neural bypass, brain-spinal
cord interfaces) and reports of motor or sensory outcomes were included; studies in animals, other neurological conditions, publications prior
to 2020, non-peer-reviewed documents, and articles without an accessible translation into English or Spanish were excluded. The results show
progress in the restoration of hand function, functional integration, and autonomy in home settings; however, gait recovery is a less explored
goal. Invasive systems predominated, with high accuracy in neural decoding, over non-invasive alternatives that prioritize safety and ease of use.
Positive experiences were reported with hybrid platforms that combine BCls with functional electrical stimulation or exoskeletons. The main
limitations include small sample size, heterogeneity, and scarce long-term follow-up. It was concluded that BCls are changing the
neurorehabilitation of people with paraplegia, with high clinical potential still in consolidation, dependent on larger multicenter studies and
standardized protocols.

Keywor'ds: brain-computer interface, spinal cord injury, paraplegia, neurotechnology, motor function

RESUMEN

Las interfaces cerebro-computadora (BCI, por sus siglas en inglés) son una estrategia para restaurar funciones motoras y sensoriales en
personas con lesion medular, superando las limitaciones de los tratamientos convencionales. Esta revision sistematica, conducida con la guia
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA), analizd doce estudios publicados entre 2020 y 2025,
incluyendo casos clinicos, ensayos aleatorizados y multicéntricos. La busqueda se efectué en PubMed y Google Scholar, complementada con
Rayyan para eliminar los duplicados. Se incluyeron ensayos clinicos o experimentales en humanos sobre paraplejia con intervenciones de
puentes neurales (implantes corticales, estimulacion epidural, bypass neural, interfaces cerebro-médula) y reportes de resultados motores o
sensitivos; se excluyeron estudios en animales, otras patologias neuroldgicas, publicaciones previas a 2020, documentos sin revision por pares
y articulos sin traduccion accesible en inglés o espafiol. Los resultados muestran avances en la restauracion de la funcion manual, la integracion
funcional y la autonomia en entornos domiciliarios; sin embargo, la recuperacion de la marcha es un objetivo menos explorado. Predominaron
los sistemas invasivos con alta precision en la decodificacion neuronal frente a alternativas no invasivas que priorizan seguridad y facilidad de
uso. Se reportaron experiencias positivas con plataformas hibridas que combinan BCI con estimulacion eléctrica funcional o exoesqueletos.
Las principales limitaciones incluyen tamafio muestral reducido, heterogeneidad y escasez de seguimiento a largo plazo. Se concluyd que las
BCI cambian la neurorrehabilitacion de personas con paraplejia, con alto potencial clinico ain en consolidacion, dependiente de estudios
multicéntricos mas amplios y protocolos estandarizados.

Palabras clave: interfaz cerebro-computadora, lesién medular, paraplejia, neurotecnologia, funciéon motora
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1. INTRODUCTION

Paraplegia, a consequence of spinal cord injury, involves the partial or total loss of motor and sensory functions
below the level of the lesion, interrupting communication between the brain and the rest of the body. This
disconnection affects mobility, autonomy, and quality of life. Given the limitations of conventional treatments,
especially in complete injuries, interest has emerged in strategies that restore the interrupted neural communication.
In this context, brain-computer interfaces (BCls) have the potential to restore motor and sensory functions
(Jovanovic et al., 2021b; Colamarino et al., 2023).

BCls are able to decode motor intention from brain activity and translate it into spinal stimulation in real
time (Lorach et al., 2023). These systems have enabled clinical achievements such as the partial recovery of gait in
patients with chronic spinal cord injury. Likewise, portable BCls have demonstrated feasibility in home settings,
making it possible to control mechanical gloves for functional tasks without constant assistance (Davis et al., 2022;
Simeral et al., 2021).

Despite these advances, challenges persist regarding safety, scalability, and functional integration into daily
life (Rubin et al., 2023; Davis et al., 2025). It is therefore necessary to conduct a systematic review following the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 guideline in order to
synthesize the available evidence and assess the clinical scope of BCls in the rehabilitation of people with
paraplegia. This work analyzed recent advances in the use of BCls, identifying outcomes in motor and sensory
restoration, methodological limitations, and areas for improvement toward their clinical consolidation.

1.1. Definition of paraplegia

Paraplegia is defined as a pattern of paralysis affecting the lower limbs, in which the person loses the ability
to control or move the muscles owing to an alteration of the nervous system (Cleveland Clinic Medical, 2025). It is
classified as complete paraplegia, which entails total loss of motor and sensory function, and incomplete paraplegia,
which partially preserves sensation or movement, although with reduced strength or coordination. According to
muscle behavior, flaccid paraplegia is characterized by the absence of tone and movement, whereas spastic
paraplegia presents with involuntary and uncontrollable contractions.

1.2. Definition of spinal cord injury

Spinal cord injury is the partial or total damage to the spinal cord that interrupts the transmission of nerve
impulses between the brain and the rest of the body. This damage affects motor, sensory, and autonomic function,
causing loss of movement, sensation, and control of bodily functions. The most frequent causes include trauma,
degenerative diseases, infections, or tumors (Cleveland Clinic Medical, 2025).
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1.3. Anatomy and physiology of the spinal cord

The spinal cord is a cylindrical structure that extends from the medulla oblongata to L1-L2 in adults and to
L3 in children, protected by the vertebral column. It is made up of 31 spinal segments (eight cervical, 12 thoracic,
five lumbar, five sacral, and one coccygeal), from which pairs of spinal nerves emerge containing motor, sensory,
and autonomic fibers, connecting the brain with the rest of the body.

It is organized into gray and white matter. The gray matter is distributed in the dorsal, lateral, and ventral
horns; the dorsal horn processes sensory information, whereas the ventral horn coordinates voluntary and
involuntary movement. The white matter surrounds the gray matter and is formed by ascending and descending
tracts that transmit information between the brain and the periphery.

Among the ascending tracts, the dorsal column-medial lemniscus, which carries proprioception and tactile
discrimination signals, and the spinothalamic tract, responsible for transmitting information on pain, temperature,
touch, and pressure, stand out. The descending tracts, such as the corticospinal and extrapyramidal tracts,
modulate voluntary and involuntary movement, posture, and muscle tone. Other tracts, such as the spinocerebellar
tracts, convey unconscious proprioceptive information to the cerebellum, which is fundamental for motor
coordination.

The blood supply comes mainly from the anterior spinal artery, which nourishes the anterior two thirds, and
from the posterior spinal arteries, which supply the posterior third. These vessels form a pial plexus or vasa corona,
ensuring a constant blood flow. Venous drainage occurs through intrinsic and extrinsic systems, including Batson's
venous plexus. This structural, functional, and vascular organization allows the spinal cord to efficiently integrate
the sensory and motor information of the central nervous system, and is essential for posture, movement, and
communication with the brain.

1.4. Previous clinical and experimental studies

In recent years, various clinical and experimental studies have demonstrated advances in the use of BCls
to restore motor functions in people with spinal cord injury. One of the most relevant was the development of a fully
implanted brain-spine interface (BSI) that allowed a patient with chronic tetraplegia to stand, walk with crutches,
climb stairs, and overcome obstacles thanks to the real-time wireless connection between the brain and the spinal
cord (Lorach et al., 2023).

On the other hand, portable BCls have been implemented for home use, such as a system that allowed a
patient to control a mechanical glove with high accuracy for more than a year without the need for recalibration
(Davis et al., 2022; Simeral et al., 2021), promoting functional autonomy in the everyday environment. In addition,
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combinations of BCls with functional electrical stimulation (FES) have been explored for upper limb rehabilitation
(Jovanovic et al., 2021a). In studies with people with subacute spinal cord injury, clinical improvements were
observed in the ability to reach and grasp objects, with no reported adverse events (Colamarino et al., 2023).

Non-invasive systems have also been developed that enable the control of virtual hands through residual
muscle signals, even in cases of complete spinal cord injury (Oliveira et al., 2024). These findings evidence the
potential of BCls to modulate neural and spinal activity, opening new possibilities for functional recovery in patients
with paraplegia.

1.5. Brain-computer interfaces

BCls are systems that communicate directly between the brain and an external device, without the need
for neuromuscular pathways (Rubin et al., 2023). Different types exist according to their level of invasiveness: non-
invasive ones, such as those based on electroencephalography, offer ease of use but lower spatial resolution
(Colamarino et al., 2023); semi-invasive ones, such as those based on electrocorticography, balance accuracy and
safety; and invasive ones, such as intracortical systems, allow more precise decoding of motor intention, although
they require complex surgical procedures (Davis et al., 2025; Downey et al., 2024).

1.6. Mechanisms of action of BCls in spinal cord injury

In the context of spinal cord injury, BCls act as neural bridges that restore communication between the
brain and the disconnected body regions. This is achieved by decoding cortical signals related to movement
intention, which are then translated into commands to activate FES devices, exoskeletons, or the spinal cord directly
(Jovanovic et al., 2021a; Lorach et al., 2023; Oliveira et al., 2024).

2. RESEARCH METHOD

This article presented a systematic review of the scientific literature published on BCls and BSls in people with
paraplegia. The PRISMA 2020 guideline was followed at all stages of preparation and reporting.

2.1. Initial search

The initial search yielded 50 results. The Rayyan platform was used for reference management and
duplicate removal, which made it possible to screen the records and facilitate study selection. The PubMed and
Google Scholar databases were searched for articles published between January 2020 and December 2025, using
combinations of key terms and Boolean operators (AND, OR, NOT).
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2.2. Article selection

Different combinations of terms were applied on each platform, and the strategy that yielded the best results
was selected (Table 1). A total of 50 results were obtained. Before beginning the selection of articles, the inclusion
and exclusion criteria were defined.

Table 1

Search strategy with Boolean operators

Database

Boolean operator Articles found

PubMed

Google Scholar

("brain-computer interface"[Title/Abstract] OR "neural 42
interface"[Title/Abstract] OR "brain-spine interface"[Title/Abstract])

AND ("spinal cord injury"[Title/Abstract] OR

paraplegia[Title/Abstract]) AND (rehabilitation OR recovery OR

restoration) AND ("2020"[Date - Publication] : "2024"[Date -

Publication]) AND ("humans"[MeSH Terms]) NOT (review[Publication

Type] OR "systematic review"[Title] OR "meta-analysis"[Publication

Type] OR "dissertation"[Publication Type] OR "case

report"[Publication Type])

(“brain-computer interface” OR “neural interface” OR “brain-spine 8
interface”) “spinal cord injury” OR paraplegia rehabilitation recovery

restoration — review- “systematic review”- “meta-analysis”-thesis-
dissertation (peer-reviewed articles, 2020-2025 range)

2.3. Inclusion and exclusion criteria

The criteria were defined in advance to ensure consistency in the selection process (Table 2). Data were
collected on motor and sensory outcomes and functional autonomy. Participant characteristics, type of intervention,
length of follow-up, and funding sources were also recorded when available.

Table 2
Inclusion and exclusion criteria
Inclusion Exclusion
Clinical or experimental trials in humans published Studies in animals or purely laboratory studies without
between January 2020 and December 2025. human data.
Studies on paraplegia. Research on neurological conditions other than
paraplegia.

Publications prior to 2020.
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Table 2
Inclusion and exclusion criteria
Inclusion Exclusion
Interventions with neural bridges (cortical implants, Non-peer-reviewed documents, conference abstracts,
epidural stimulation, neural bypass, brain-spinal cord or theses.
interfaces). Articles in languages other than English or Spanish
Reports of motor or sensory outcomes (voluntary without an accessible translation.
movement, gait, neural reconnection, functional
scales).

Articles in English or Spanish with an available
translation.

2.4. Systematic search

With the criteria defined, duplicates were first excluded using Rayyan (two records). The titles of the
remaining 48 articles were then reviewed, and 34 were discarded for not meeting the criteria. At the eligibility stage,
the abstracts of 14 articles were assessed, and two were excluded for a lack of relevant clinical data. Finally, 12
studies met the criteria and were included in the analysis (Table 3).

Table 3
References of the studies included in the systematic review on BCls/BSls (2020-2025)
No. Title Reference

1 Ejrs;;—spme interface for restoration of locomotion in chronic spinal cord Lorach et al. (2023)

2 Modular BCI platform for home use enabling control of mechanical glove Davis et al. (2022)

3 BCI-F?ST: EEG-based functional electrical stimulation for upper limb Jovanovic et al. (20212)
rehabilitation

4 Simplified BCI-FEST with single-channel EEG for motor recovery Jovanovic et al. (2021b)

5 BCI combined with exoskeleton for hand rehabilitation Angerhéfer et al. (2023)

6  Implanted BCI with ECOG subdural for motor control and FES Davis et al. (2025)
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Table 3

References of the studies included in the systematic review on BCls/BSIs (2020-2025)

No. Title Reference

7 Wireless intracortical BCI enabling tablet use and writing Simeral et al. (2021)

8 Intracortical stimulation restoring tactile sensations Downey et al. (2024)

9  Intracortical implant for experimental motor control lkegaya et al. (2025)

10 Multichannel EEG BCI for arm/hand rehabilitation Colamarino et al. (2023)
11 Spinal-computer interface using HDSEMG for hand control Oliveira et al. (2024)

12 Multicenter neural interface study with cortical implants Rubin et al. (2023)

In the first phase, records were identified in several databases and duplicates were removed using the
Rayyan platform, which made it possible to refine the initial information and avoid redundancies. Titles and abstracts
were then screened, discarding those that did not meet the previously established inclusion criteria, such as
thematic relevance or language of publication. At the eligibility stage, the full texts of the selected articles were
reviewed, excluding those with methodological limitations or lacking relevant clinical information. This process
ensured that only studies of sufficient quality and rigor were considered for the final analysis.

Finally, the definitive set of articles included in the review was assembled, which constitutes the basis for
the analysis and discussion of results. The diagram synthesizes each phase of the process clearly and in order,
showing both the number of excluded records and the reasons for exclusion, which provides transparency and
ensures the reproducibility of the study. It also makes it possible to visualize how the initial literature was
progressively refined until the final set of studies was reached, reinforcing the credibility and methodological
soundness of the review (Figure 1).
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Figure 1
Article selection stage
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The 50 articles reviewed were published between 2020 and 2025, according to PubMed and Google
Scholar. The temporal evolution of scientific output in the field of brain-computer interfaces applied to paraplegia
was highest during 2025. Across the period analyzed, variations in the number of publications were identified, with
a moderate start in 2020 and a progressive increase toward the most recent years (Figure 2).

This pattern reflects both the consolidation of the field and the growing interest of the academic and clinical
community in exploring new applications. In addition, the records were quantified, which offers a clearer view of
how research has moved from an initial stage to a point of greater maturity, in which output intensifies and
methodological approaches diversify.

Figure 2
Chart of articles published per year

14 3
12
12
10 9 9 9
I I 7 I
0 I

2020 2021 2022 2023 2024 2025

Number of articles
H ()}

N

Year of publication

The initial search in PubMed and Google Scholar identified 50 records, whose annual distribution is shown
in the bar chart. A growing trend was observed in scientific publications on brain-computer interfaces in paraplegia,
with nine articles in 2020, a decline to seven in 2022 and a rebound in 2023 with 12 publications. The maximum
was reached in 2025 with 13 records, which reflects a sustained increase of interest in this field of research.

To complement the analysis, the geographical origin of the 12 included studies was assessed. The
distribution by country was analyzed in order to identify the regions with the highest scientific output in the field of
brain-computer interfaces applied to paraplegia. A predominance of research from the United States of America
was observed (four articles), followed by collaborations between Canada and Serbia (two articles). The remainder
comes from Europe, Asia, and Latin America, reflecting global interest in the development of BCls/BSls (Table 4).
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Table 4

Geographical distribution of the included studies (2020-2025)

Country Number of articles Authors
United States of America 4 Davis et al., 2022; Davis et al., 2025; Simeral et al.,
2021; Downey et al., 2024

Germany 1 Angerhdfer et al., 2023

Brazil / Portugal 1 Oliveira et al., 2024

Canada / Serbia 2 Jovanovic et al., 2021a; Jovanovic et al., 2021b
[taly 1 Colamarino et al., 2023

Japan 1 lkegaya et al., 2025

Multicenter (Europe / United States 1 Rubin et al., 2023

of America)

Switzerland / France 1 Lorach et al., 2023

2.5. Risk of bias assessment

The risk of bias was assessed narratively, considering study design, sample size, description of the
intervention, validity of the outcome measures, and length of follow-up. Attention was paid to selection, information,
and reporting biases, as well as to unreported outcomes.

2.6. Synthesis of results

Owing to the methodological and outcome heterogeneity, a narrative synthesis was carried out, grouping
the results by type of intervention (cortical implants, epidural stimulation, neural bypass, brain-spinal cord interfaces)
and clinical outcome (motor function, sensory function, functional autonomy). This strategy made it possible to
identify common patterns, advances, and areas for improvement. Effect measures were reported as given in each
study, including mean differences on motor scales, proportions of partial gait recovery, and qualitative descriptions

Ramos Rangel, R., Mendoza-Burguete, Y., & Rodriguez Morales, J. A. (2026). Neurointerfaces BCI: Revision sistematica sobre
el control neuronal para restaurar la funciéon motora tras paraplejia. Transdigital, 7(14), e628.
https://doi.org/10.56162/transdigital628



11

Trans

journal

Sociedad de Investigacion sobre Estudios Digitales S.C. | ISSN: 2683-328X

of functional autonomy. The certainty of the evidence was appraised narratively, considering design, sample size,
consistency of findings, and clinical applicability.

3. RESULTS

Twelve studies were included, with an approximate total of 78 participants and sample sizes ranging from 1 to 30
subjects. The designs comprised clinical case studies, randomized clinical trials, and methodological studies.
Invasive systems accounted for 58% of the interventions and non-invasive systems for 42% (Davis et al., 2025;
Colamarino et al., 2023). The main applications included restoration of hand function, motor control, sensory
feedback, and gait recovery.

Seven studies reported decoding accuracy between 69.5% and 97.9%, with higher values in invasive
systems (Oliveira et al., 2024; Davis et al., 2025). BSls demonstrated the capacity to restore gait in patients with
chronic spinal cord injury (Lorach et al., 2023). BCls combined with FES showed improvements in grasping and
manipulation ability (Jovanovic et al., 2021b; Colamarino et al., 2023) (Table 5).

Table 5
Comparative characteristics of the BCI/BSI systems analyzed (January 2020 — December 2025)
Device Input Output Processing
Brain-spine interface (Lorach et Cortical implants Epidural stimulation REW-MSLM algorithm
al., 2023) (ECoQG) (gait)
Modular BCI platform Subdural electrodes Mechanical glove HMM + logistic
(Davis et al., 2022) regression
BCI-FEST (Jovanovic et al., electroencephalogram FES ERD + manual
2021a) (EEG) 1 . _—
(compex motion) activation
channel
BCI-FEST and simplified version  EEG 1 FES ERD + spectrograms
(Jovanovic et al., 2021b)
channel 4 channels
BCI + exoskeleton (Angerhdfer EEG + EOG HandyRehab SMR-ERD + HOV
et al., 2023) exoskeleton
Implanted BCI (Davis et al., ECoG Mechanical glove/FES ~ LDA + HMM
2025)
Subdural
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Table 5
Comparative characteristics of the BCI/BSI systems analyzed (January 2020 — December 2025)

Device Input Output Processing
Wireless BCI (Simeral et al., Intracortical arrays Cursor / tablet, writing  Kalman filter

2021) (96 channels)

Intracortical stimulation (Downey  Implanted arrays
et al., 2024)

Intracortical implant (lkegaya et Sensorimotor
al., 2025)
BCI + rehabilitation (Colamarino ~ Multichannel EEG

et al., 2023)

Spinal-computer interface HDSEMG
(Oliveira et al., 2024)

Multicenter neural interface Cortical implants
(Rubin et al., 2023)

Tactile sensations

Motor
control

Experimental

Arm / hand function

Control of paralyzed
hand

Device control

Surgical planning

+ neuroimaging

multichannel

processing

Multiclass

classifiers

Proportional

decoding

Multichannel decoding

The heterogeneity of the systems reviewed was evident. Input devices ranged from ECoG and intracortical
arrays to single-channel EEG and residual muscle signals. Processing employed diverse algorithms such as Kalman
filters, hidden Markov models, logistic regression, and multiclass classifiers. Output devices included FES,
exoskeletons, mechanical gloves, and cursors on tablets, which reflected the breadth of clinical and home

applications.
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3.1. Technical results

Seven studies reported decoder accuracy between 69.5% and 97.9%, with higher values in invasive
systems (Davis et al., 2025; Oliveira et al., 2024). Implanted BSls restored gait in patients with chronic spinal cord
injury, with improvements on scales such as the WISCI Il (from 6 to 16 points) and the ability to climb stairs (Lorach
et al., 2023). BCls combined with FES and exoskeletons showed improvements on tests such as the BeBiTT (d =
1.063) and increases in self-care as measured by the SCIM Il (Colamarino et al., 2023; Jovanovic et al., 2021a).
Sensory systems achieved tactile evocation in 90% of the implanted arrays, confirming the preservation of
somatotopy even decades after the injury (Downey et al., 2024; Ikegaya et al., 2025).

Non-invasive BCls enabled proportional control of virtual movements and functional grasping in patients
with complete spinal cord injury, although with interindividual variability (Colamarino et al., 2023). The distribution of
the outcomes obtained in the studies analyzed was examined, grouped into six thematic categories. This
visualization makes it possible to identify the areas with the highest frequency of intervention, with the restoration
of hand function standing out as the most frequently addressed objective (Figure 3).

Figure 3
Outcomes obtained

Hand function

Safety

Stability

Independent home use
Technical feasibility

Sensory

Gait

o
N
H
(o))
(o]

The analysis showed that restoration of hand function was the most frequent outcome, present in seven
articles. Second came safety and stability, and autonomous use at home, each reported in three studies. Technical
feasibility and sensory feedback were reported in two articles each, whereas gait restoration was documented in
only one study. Taken together, the data reflected that research is concentrated on improving hand functionality
and autonomy, whereas sensory integration and locomotion remain emerging areas.
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Invasive systems were found to achieve the highest accuracy rates and clinical achievements such as partial
gait restoration and the control of complex devices. Semi-invasive systems offered a balance between safety and
functionality, with improvements in the upper limbs and autonomy in household tasks. Non-invasive systems,
although less accurate, stood out for their accessibility and safety. Finally, hybrid platforms (BCls combined with
FES or exoskeletons) showed significant benefits on standardized clinical tests, reflecting a positive impact on self-
care capacity (Table 6).

Table 6
Comparative results of the BCI/BSI systems in paraplegia (January 2020-December 2025)
Type of No. of participants Clinical o
. Limitations

system and decoding accuracy outcomes
Invasive (cortical 1-30 Partial gait restoration (WISCI Il Complex surgical
implants, ECoG, o +10 points), control of procedures and
: . 69.5-97.9% , .
intracortical arrays) mechanical gloves sample size
Semi-invasive 5-10 Motor control of the upper limbs Moderate risk and
(subdural ECoG, o with FES, autonomy in household lack of prolonged

. 70-90%
epidural electrodes) tasks follow-up
Non-invasive (EEG, 8-15 Proportional control of virtual Lower accuracy and
HDSEMG) o hands, functional grasping in interindividual
60-80% . S
complete paraplegia variability
Hybrid (BCI + 5-12 Improvements on the BeBiTT (d Methodological
exoskeleton/FES) 75-90% =1.063), increase in self-care heterogeneity and
? (SCIM Ill) need for calibration
3.2. Safety

The safety profile was favorable across all studies. The adverse events reported were minimal, such as
superficial infections or skin irritation, with no serious sequelae (Rubin et al., 2023; Davis et al., 2025). No intracranial
complications or explantations for safety reasons were recorded. The methodological characteristics of the included
studies were synthesized, specifying the type of design and the number of participants, which facilitates critical
comparison across studies (Table 7).
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Table 7
Technical characteristics
Article Study type Participants

Lorach et al. (2023) Clinical case study (clinical feasibility trial, NCT04632290). 1

Davis et al. (2022) Clinical case study with technological implementation in a 1
home setting.

Jovanovic et al. (20213) Single-group interventional study. 5

Jovanovic et al. (2021b) Two single-arm intervention studies, with 40 sessions each. 8

Angerhdfer et al. (2023) Methodological study of psychometric validation with 14
intervention (pre-post with and without exoskeleton).

Davis et al. (2025) Longitudinal case study (n = 1) with clinical and technical 1
follow-up over five years.

Downey et al. (2024) Multicenter clinical trial with five participants, combining 5
functional neuroimaging and surgical planning.

lkegaya et al. (2025) Clinical case study with longitudinal follow-up (up to 200 days 1
post-implantation).

Colamarino et al. (2023) Randomized, single-blind clinical trial with 30 participants (15 30
per group).

Oliveira et al. (2024) Experimental study with 8 participants with spinal cord injury 20
(SCI) and 12 healthy controls.

Rubin et al. (2023) Prospective, open-label, non-randomized, multicenter clinical 14

trial (BrainGate?2).

A predominance of single-case designs was observed, which reflected the technical complexity and
exploratory phase of these interventions. However, randomized clinical trials and multicenter studies were also
included, which indicated progress toward formal validation. The number of participants ranged from 1 to 30, with
a low mean that limits generalization, although some works incorporated control groups for more rigorous
comparisons. In addition, a transition from clinical settings toward home applications was apparent, evidencing a
trend toward portability and everyday use. This confirmed that a large part of the research is at the proof-of-concept
stage (Lorach et al., 2023; Simeral et al., 2021).
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Some works presented moderate samples, such as the intervention studies by Jovanovic et al. (2021b),
whereas the most robust trials were those by Colamarino et al. (2023), with 30 participants, and Rubin et al. (2023),
with 14 participants, which mark progress toward clinical validation. The inclusion of control groups in the study on
the spinal interface (Oliveira et al., 2024) also stood out, contributing comparative rigor. This distribution reflected a
methodological evolution that combines technological exploration with attempts at scalability and application in
real-world settings (Figure 4).

Figure 4
Level of invasiveness

58%

42% 58%

Invasive Non-invasive

The analysis showed that 58% of the studies were invasive, using cortical, subdural, or intracortical
implants. The remaining 42% corresponded to non-invasive systems, which use EEG, EOG, or HDSEMG for motor
control without surgery. Invasive BCls tend to offer greater accuracy and stability (Davis et al., 2025; Lorach et al.,
2023), although they require complex surgical procedures. Non-invasive ones prioritize safety and ease of use
(Jovanovic et al., 2021b; Colamarino et al., 2023).

This distribution reflects the coexistence of advanced approaches with less invasive alternatives oriented
toward functional rehabilitation, showing that research seeks to balance technological accuracy with clinical safety.
The systems evaluated were compiled, indicating their designation and the corresponding calibration parameters.
This organization makes it possible to clearly identify the technical differences between devices and facilitates the
comparison of their performance in the context of the study (Table 8).
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Table 8
System calibration
Article Calibration
Lorach et al. Phase 1: Identification of ECoG signals associated with hip, knee, and ankle movements.
(2023) Phase 2: Configuration of stimulation programs specific to each joint. REW-MSLM algorithm
calibrated online every 15 seconds. Full calibration within minutes, stable for months.
Davis et al. A binary motor imagery classifier was trained using 33 training sessions. A hidden Markov
(2022) model and logistic regression were used. Calibration could be carried out from the mobile

Jovanovic et
al. (2021a)

Jovanovic et
al. (2021b)
Angerhdfer et

al. (2023)

Davis et al.
(2025)

Simeral et al.
(2021)

Downey et al.
(2024)
lkegaya et al.

(2025)

Colamarino et
al. (2023)

Oliveira et al.
(2024)

application. No recalibration was needed during the 14 months of use.

Eight electrodes were used to identify the best location and frequency of ERD. At least 80
trials per hand were performed. Individualized calibration for each limb.

Eight EEG locations were used (F3, F4, Fz, C3, C1, C4, C2, Cz). Frequency bands with ERD
were identified by means of spectrograms. Single calibration per limb, valid for the whole
intervention.

EEG recorded from five sites (C3/C4, Cz, F3/F4, P3/P4, T3/T4). Laplacian filter to improve
the signal-to-noise ratio. Processing with BCI2000.

Initial decoder training during the first two weeks. No subsequent updates were performed.
Extraction of 644 spectral features per observation.

Automated calibration for each session. Decoders trained with point-and-click tasks (Grid
Task).

Functional mapping by fMRI and/or MEG. Traveling-wave paradigm (sequential finger
movements). Thresholds: fMRI z > 3.1; MEG z > 50% of the maximum. ROI: Brodmann
areas 1, 2, 3, and 4, restricted to 2.5 cm from the anatomical hand knob.

Structural and functional fMRI for planning. ROSA for stereotactic planning. Intraoperative
confirmation with endoscopy.

High-density EEG (61 channels). Analysis of sensorimotor desynchronization. Customization
of EEG features per participant.

Offline and online decomposition of HDSEMG. Finger flexion/extension tasks. Proportional
control at 20-30% of maximum activation.

Invasive systems such as those of Lorach et al. (2023) and Davis et al. (2025) presented either rapid initial
calibrations or prolonged training, but with stability over months or years, which favors clinical feasibility. In contrast,
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non-invasive platforms such as BCI-FEST require individualized calibrations using multiple electrodes and ERD
analysis, although some manage to maintain the configuration throughout the intervention (Jovanovic et al., 2021b).

Davis et al. (2022) stood out for calibrating from a mobile application with no need for subsequent
adjustments. Simeral et al. (2021), for their part, implemented automated per-session calibration. The works
oriented toward sensory feedback integrated functional neurocimaging (fMRI, MEG) to map cortical areas before
implantation, reflecting high surgical precision (Downey et al., 2024; lkegaya et al., 2025).

Finally, Colamarino et al. (2023), Ikegaya et al. (2025), and Oliveira et al. (2024) employed complex strategies
based on high-density EEG and HDSEMG, which increases customization but also the technical burden. Overall,
calibration ranged from automated to highly personalized processes. Although the studies reviewed show a
favorable safety profile, methodological limitations and technical challenges persist and must be discussed in order
to guide future research.

3.3. Risk of bias in the studies

The assessment showed variability in methodological quality. Single-case studies presented a higher risk
of selection and reporting bias, whereas randomized and multicenter clinical trials offered greater rigor. Overall, the
evidence is considered exploratory, with limitations in sample size and follow-up.

3.4. Individual results

Each study reported specific measures: Lorach et al. (2023) reported improvement on the WISCI Il (from 6
to 16 points). Colamarino et al. (2023) reported increases on the SCIM Il and the BeBiTT (d = 1.063). Downey et
al. (2024) and lkegaya et al. (2025) focused on tactile evocation in 90% of the implanted arrays. Oliveira et al. (2024)
established proportional control of the paralyzed hand with HDSEMG. Although no confidence intervals were
reported, the results show a clear direction of effect in favor of BCI/BSI interventions.

4. DISCUSSION

The results of this systematic review show that BCls and BSls represent a rapidly evolving field, with clinical
applications ranging from the restoration of hand function to gait recovery. The comparison between invasive and
non-invasive systems reveals a complex balance between technological accuracy and clinical feasibility. The studies
by Lorach et al. (2023) and Davis et al. (2025) demonstrated that invasive BCls offer superior accuracy in neural
decoding, reaching values close to 97.9%. These results translate into functional improvements such as the
increase on the WISCI Il scale and the ability to perform complex tasks such as climbing stairs. However, the need
for surgical procedures limits their large-scale applicability and raises ethical and safety challenges.
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In contrast, the non-invasive systems described by Colamarino et al. (2023) and Jovanovic et al. (2021b)
prioritize safety and accessibility. Although their accuracy is lower and they show interindividual variability, they have
proved effective in restoring hand function and in autonomy in home settings. The possibility of simplified calibration
and prolonged use without frequent adjustments, as reported by Davis et al. (2022), reinforces their potential for
everyday applications.

Hand function emerges as the predominant clinical objective, reported in seven studies. Colamarino et al.
(2023) evidenced improvements on tests such as the BeBiTT and the SCIM lll, whereas Jovanovic et al. (2021b)
showed progress in grasping ability through the combination of BCls with FES. These findings reflect the clinical
priority of recovering manual dexterity, given its direct impact on autonomy and quality of life.

Gait recovery remains a challenge. Only Lorach et al. (2023) reported positive results in patients with chronic
spinal cord injury, achieving improvements in mobility and in the ability to negotiate obstacles. The scarcity of studies
in this area indicates that locomotion is still an emerging objective, limited by biomechanical complexity and the
need to integrate multiple stimulation and control systems.

The works of Downey et al. (2024) and Ikegaya et al. (2025) evidenced the evocation of tactile sensations
in intracortical arrays, confirming the preservation of somatotopy even decades after the injury. This finding was
crucial, since sensory integration represents a step toward more natural and functional systems, capable of offering
feedback to the user and improving the accuracy of motor control.

The safety profile was favorable across all studies, with minimal adverse events and no serious
complications. Rubin et al. (2023) and Davis et al. (2025) reported superficial infections and skin irritation, but without
permanent sequelae. The absence of intracranial complications and the stability of the implanted systems over
months or years reinforce clinical feasibility, although further longitudinal evidence is required.
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4.1. Limitations and future perspectives

Despite the advances described, this review presented limitations that must be taken into account. The
small sample size in most studies limits the generalizability of the findings and reflects that a large part of the research
is still at an exploratory stage. The methodological heterogeneity across designs hindered direct comparison and
quantitative synthesis. Another critical aspect is the lack of long-term follow-up, which prevents assessment of the
sustainability of the clinical benefits and the safety of the implanted devices. In addition, interindividual variability in
response and the risk of bias in single-case studies reduce the certainty of the available evidence. As for future
perspectives, several priority areas were identified:

e Miniaturization and portability of the systems to facilitate their everyday use.

e Multimodal integration of cortical, spinal, and muscle signals to improve the accuracy
and naturalness of motor control.

e Sensory feedback, which will enable more functional and natural systems.

e (Clinical validation in large and diverse cohorts, in order to establish solid evidence on
efficacy and safety.

e Standardization of protocols and metrics, which will contribute to comparability across
studies and to the consolidation of these technologies as rehabilitation tools in
paraplegia.

5. CONCLUSIONS

This systematic review confirmed that BCls represent a promising strategy for restoring motor and sensory functions
in people with spinal cord injury. Recent advances demonstrate their clinical feasibility, especially in the recovery of
hand function and motor control, although the available evidence remains limited. Studies with larger sample sizes,
long-term follow-up, and standardized methodologies are required in order to consolidate their clinical application.

Future development should focus on miniaturization, multimodal integration, and validation in real-world
contexts, with the aim of achieving accessible, safe, and functional systems for everyday life. Beyond the technical
and clinical advances, BCls represent the possibility of giving people with paraplegia something more than
movement: the opportunity to regain independence, dignity, and hope. Every neural impulse translated into action
is a reminder that science can transform lives. The future of these technologies is measured not only in accuracy
percentages or functional scales, but in the capacity to give someone back the experience of walking and living
fully. To give back mobility is, in essence, to give back life.
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