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Abstract 

The spinal cord has been radically reinterpreted by spine connectomics and neural integration, 

moving from being thought of as a straightforward relay station to a dynamic computational center. 

This thorough analysis summarizes significant developments from 2015 to 2025, showing how the 

combined use of machine learning and neuroengineering has helped to clarify the structure and 

operation of the spinal circuit. Spinal network dynamics have never been better understood, thanks 

to developments in high-density electrophysiology, including ultraflexible probes and cutting-edge 

Neuropixels technology, cell-type-specific optogenetics, and complex brain-machine interfaces 

(BMIs), such as Neuralink's high-resolution neural arrays. In order to process multimodal sensory 

inputs and modulate complex motor outputs, the paper examines the computational principles 

underlying spinal networks, particularly predictive coding and Bayesian integration mechanisms. 

Additionally, it demonstrates how advanced imaging modalities, such as 7 Tesla axis-resolved fMRI, 

can enable laminar-specific mapping and utilize computational models to reveal intrinsic network 

properties, including small-world organization and hierarchical architecture. These findings have 

been clinically applied in the development of memristive sensors for improved prosthetic feedback, 

closed-loop epidural stimulation for spinal cord injury (SCI) rehabilitation, and customized 

neuromodulation techniques for the management of scoliosis and chronic pain. Although there is 

great potential for Neuralink's bidirectional BMIs to restore motor and sensory functions after SCI, 

there are still ongoing issues, especially with electrode stability and long-term biocompatibility. The 

report concludes by outlining future directions, emphasizing the accelerating role of AI-driven 

discovery, multi-omics integration, and non-invasive neuromodulation in achieving comprehensive 

spinal connectomes, thereby paving the way for precision therapies for neurological disorders and 

significant enhancements in musculoskeletal health. 

Keywords: neuroengineering; spinal circuit reconstruction; BOLD-fMRI; Neuropixel probe; 

neuroglia 

 

1. Introduction 

Modern neuroscience has fundamentally reevaluated the spinal cord, which was once thought 

of as merely a means of transmitting motor and sensory signals from the brain to the periphery. This 

component of the central nervous system has been reinterpreted as a dynamic computational hub, 

essential for complex sensorimotor coordination and adaptive motor control, by recent advances in 

spine connectomics and neural integration [1]. This paradigm change recognizes the inherent ability 
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of the spinal cord to process information, apply sophisticated algorithms like Bayesian inference and 

predictive coding, and carry out context-dependent routing strategies that dynamically modify 

motor output in response to behavioral states and environmental demands [1]. This active 

computational role, rather than a passive relay function, has significant implications for 

understanding neurodegenerative diseases, developing next-generation neuroprosthetic 

technologies, and advancing precision rehabilitation approaches for spinal cord injuries and 

associated disorders [1]. 

The outstanding developments in spinal connectomics and neural integration between 2015 and 

2025 are summarized in this review. Computational neuroscience, precision neuromodulation, and 

cutting-edge neuroengineering technologies have all come together during this time. Clarifying the 

complex neural circuits governing sensorimotor integration, motor control, and adaptive plasticity 

within spinal networks has been made possible in large part by these interdisciplinary efforts [1]. The 

methodological advances that have made this deeper understanding possible, the computational 

models that explain spinal function, and the emerging clinical applications that have the potential to 

revolutionize patient care will all be covered in detail in the sections that follow. 

2. Methodology 

This narrative review was conducted to synthesize the significant advancements in spinal 

connectomics and neuroengineering that occurred between January 1, 2015, and June 1, 2025, with a 

focus on the integration of high-resolution electrophysiology, neuroimaging, computational 

modeling, and machine learning in elucidating spinal circuit function. Our methodological 

framework prioritized interdisciplinary evidence, combining basic neuroscience, biomedical 

engineering, clinical studies, and computational innovations relevant to the structure and function of 

the spinal cord. 

2.1. Literature Search Strategy 

A structured literature search was performed using PubMed, Web of Science, IEEE Xplore, and 

Google Scholar, covering the period from 2015 to June 2025. Search terms included combinations of: 

“spinal connectomics”, “spinal cord circuitry”, “high-density electrophysiology”, “ultraflexible 

electrodes”, “Neuropixels spinal cord”, “optogenetics spinal circuits”, “spinal cord fMRI”, “7T 

spinal imaging”, “predictive coding spinal cord”, “Bayesian integration spinal networks”, 

“machine learning spinal cord”, and “neuroengineering spinal rehabilitation”. 

Inclusion criteria were: 

• Peer-reviewed journal articles, conference proceedings, and technical reports. 

• English-language publications. 

• Relevance to the functional and structural mapping of spinal networks using advanced 

techniques. 

• Clinical studies or translational work relating to spinal cord injury (SCI), neuromodulation, or 

neuroprosthetic applications. 

Exclusion criteria were: 

• Studies have been conducted solely on brain circuits without regard to their spinal relevance. 

• Preclinical studies not involving the spinal or neuromuscular systems. 

• Review articles unless they provided original meta-analytical insights or introduced novel 

conceptual frameworks. 

2.2. Temporal and Thematic Categorization 

The extracted literature was categorized into four principal domains reflecting thematic and 

technological advances: 

• Electrophysiological innovations, including ultraflexible neural probes (e.g., NETs [2–5]) and 

reusable Neuropixels systems (e.g., Apollo Implant [5]). 
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• Optogenetic circuit mapping, including causal modulation studies in SCI models (2018–2023) 

and the emergence of biodegradable electroceuticals (2025). 

• Advanced imaging, notably 7T axis-resolved fMRI and ADC-fMRI applications in spinal cord 

mapping (2023–2025). 

• Computational neuroscience, including predictive coding and Bayesian modeling (2017–2025), 

and AI/ML applications in spinal diagnostics and neuromodulation (2023–2025). 

 

2.3. Evaluation of Evidence and Integration 

The methodology rigor, technological novelty, sample size, and translational potential of each 

included study were evaluated critically. Long-term results, reproducibility, and controls were 

assessed in experimental studies [2,7]. Model architecture, training datasets, interpretability, and 

clinical deployment were evaluated in computational and machine learning studies [24,25]. 

Resolution, motion correction techniques, and laminar specificity were evaluated in imaging studies 

[9,13].  

Following a convergent model, the synthesis integrated biological, computational, and 

therapeutic insights into a single framework while also aligning structural and functional findings 

across modalities. Translational readiness and interdisciplinary synergy were prioritized whenever 

feasible. 

2.4. Timeline and Data Cutoff 

The review includes data published and accessible through June 15, 2025. Methodological and 

clinical trial data were included if peer-reviewed or posted in registered databases (e.g., 

ClinicalTrials.gov for Neuralink’s PRIME study, NCT06429735) [30,31]. For real-time validation of 

emerging trends, recent publications and preprints were cross-referenced with news releases from 

academic institutions and technical disclosures from industry partners. 

3. Methodological Advances in Spinal Connectomics Elucidation 

The ability to map and understand the complex circuitry of the spinal cord has been 

revolutionized by a suite of advanced methodologies. These innovations have provided 

unprecedented spatial and temporal resolution, moving beyond traditional approaches to offer a 

dynamic view of spinal neural activity. This section offers a comprehensive examination of these 

significant advancements. 

3.1. High-Density Electrophysiology 

Since high-density electrophysiology provides precise measurements of neuronal activity, it has 

become a fundamental tool for understanding how spinal circuits work. The considerable motion of 

the spinal cord in relation to the vertebral column during natural behaviors has long been a major 

problem in spinal cord electrophysiology [2,3]. These movements are frequently not supported by 

conventional, more rigid neural electrodes, which can result in excessive noise, position drifts, and 

possible long-term spinal damage or scarring [2,3]. 

The creation of ultraflexible electrodes, like 1-μm-thick polyimide nanoelectronic threads 

(NETs), is a crucial invention tackling this problem (Table 1) [4]. Because of their mechanical 

compliance, these incredibly thin probes can move and conform to the spinal tissue, preserving stable 

contact and reducing tissue damage [4]. High-quality single-unit recordings from spinal neurons in 

awake, freely moving animals are directly correlated with this mechanical adaptability, which was 

previously challenging to accomplish [2,3]. With chronic in vivo recordings that lasted more than five 

months, researchers have shown that spike sorting can be used to track neuron populations steadily, 

even during a variety of active behaviors like locomotion [2,3]. This feature allows neuroscientists to 

bridge the gap between the functional roles of spinal cell types within circuits and their genetic and 
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developmental characterizations by providing an unmatched opportunity to observe the function of 

individual spinal cells within the context of a wide range of natural behaviors [2,3]. 

This feature allows neuroscientists to bridge the gap between the functional roles of spinal cell 

types within circuits and their genetic and developmental characterizations by providing an 

unmatched opportunity to observe the function of individual spinal cells within the context of a wide 

range of natural behaviors [2,3]. From a translational standpoint, this technology establishes the 

foundation for creating intraspinal interfaces that are intended to treat ailments like stroke, spinal 

cord injury (SCI), and different types of movement disorders [2,3]. 

Neuropixels probes are an additional important advancement in high-density electrophysiology 

that complement these incredibly flexible designs. Although they were originally created for brain 

recordings, their dense recording-site density and high channel count (up to 384 recording channels 

addressing 960 sites on a single shank) have made them more and more applicable for spinal cord 

applications [5]. With single-cell resolution, hundreds of neurons can be recorded simultaneously 

thanks to these probes [5]. Innovations like the "Apollo Implant" have addressed the problem of 

chronic implantation and reusability, especially for smaller animals like mice [5]. Crucially, this open-

source, two-part implant (payload and docking modules) enables the recovery and reuse of pricey 

Neuropixels probes numerous times without appreciably lowering recording quality, in addition to 

enabling safe, portable, and flexible chronic recordings [5].  

Previously constrained by the acute nature or expense of other high-density systems, the 

capacity to conduct long-term, stable recordings in freely behaving animals is revolutionary, enabling 

researchers to examine intricate processes, like learning and memory formation, over prolonged 

periods of time [5]. In order to convert high-resolution electrophysiology from controlled head-fixed 

brain studies to dynamic, physiologically relevant spinal cord models, high-channel-count probes 

must converge with materials science advancements like ultraflexible NETs and reusable implants. 

Achieving thorough functional mapping in a more realistic setting requires this integration. 

3.2. Optogenetics for Circuit Dissection 

Optogenetics has emerged as a powerful tool for dissecting spinal circuit function due to its 

unparalleled ability to achieve cell-type-specific activation or inhibition of neural pathways. Unlike 

traditional electrical stimulation, which broadly activates all nearby neurons and glial cells, 

optogenetics allows for the precise targeting of specific neuronal populations expressing light-

sensitive proteins (Figure 1) [5,6,61]. This specificity is crucial for understanding the causal roles of 

distinct cell types and pathways within complex spinal networks. 

 

Figure 1. Types of Neuroglia. This file is licensed under the Creative Commons Attribution 3.0 Unported license 

with permission from Wikimedia Commons [61]. 
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In spinal cord research, encouraging functional recovery following injury is a crucial use of 

optogenetic stimulation. Neuron-specific optogenetic spinal stimulation dramatically improves the 

recovery of skilled forelimb reaching, according to studies conducted in rat models of cervical SCI 

(Figure 2) (Table 1) [5–7,62]. Strong biological alterations, such as increased axonal growth (shown 

by elevated GAP-43 and laminin labeling) and enhanced angiogenesis (the formation of new blood 

vessels) within the injured spinal cord, support this functional improvement. In order to restore 

function, the induced axonal growth may spread caudally around the lesion and possibly create new 

connections with downstream neurons. One of the main causes of this increased axonal growth is the 

neuronal activation brought on by optogenetic stimulation, which may increase neurotrophic factors 

and foster neuroprotection. When paired with rehabilitation, this targeted stimulation can promote 

the formation of new, functionally relevant circuitry through Hebbian plasticity, where synchronized 

neural activity strengthens connections [5–7]. 

 

Figure 2. The effect of the Optogenetics' technique (light stimulation ) on the cell. This file is licensed under the 

Creative Commons Attribution 2.5 Generic license with permission from Wikimedia Commons [62]. 

However, it's not always easy to go from structural repair to functional recovery. While 

optogenetic activation can confirm the formation of functional synapses, studies examining the 

functional integration of regenerated axons, such as Sox11-stimulated corticospinal tract (CST) axons 

in injured spinal cord, have shown that this structural reconnection does not always result in a 

significant improvement in behavior (Figure 3) [5–7,63]. This finding highlights a crucial problem: 

meaningful behavioral outcomes depend on the precise functional targeting and suitable integration 

of newly formed synapses into preexisting or reorganized circuits; simple anatomical reconnection is 

insufficient. Instead of concentrating only on encouraging axonal growth, this discovery guides 

future research towards comprehending the fundamentals of functional circuit re-integration. 
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Figure 3. Diagram of the corticospinal tract. This file is licensed under the Creative Commons Attribution 4.0 

International license with permission from Wikimedia Commons [63]. 

A promising, less invasive method of nerve regeneration is provided by biodegradable 

semiconductor-based electroceuticals, which further advance the field [8]. After their therapeutic 

purpose is finished, these devices are made to naturally decompose within the body and provide 

precise electrical stimulation to damaged motor pathways. This improves long-term patient 

outcomes and device longevity by reducing the risk of chronic inflammation and doing away with 

the need for invasive removal surgeries, which is a major advantage over conventional implants [8]. 

A new class of bioresorbable technology with wide-ranging applications beyond SCI, including other 
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neurological disorders, has been created by this innovation, which combines materials science and 

neuroengineering [8]. 

3.3. Advanced Neuroimaging Techniques 

Functional magnetic resonance imaging (fMRI) has long been a cornerstone of brain research, 

but its application to the spinal cord presents unique and significant technical challenges (Table 1) 

(Figure 4) [64]. The spinal cord's small cross-section, its proximity to the vertebral column, and the 

physiological noise from surrounding organs, such as the lungs, introduce strong spatial 

inhomogeneity and temporal fluctuations in the magnetic field [9,64]. Despite these hurdles, 

remarkable progress has been made, particularly with the advent of ultra-high field systems. 

 

Figure 4. An fMRI scan performed during working memory tasks typically demonstrates activation in the 

bilateral superior frontal cortex and the superior regions of the bilateral parietal cortex. This work is in the public 

domain in the United States because it is a work prepared by an officer or employee of the United States 

Government as part of that person’s official duties under the terms of Title 17, Chapter 1, Section 105 of the US 

Code with permission from Wikimedia Commons [64]. 

An important advancement in spinal cord imaging is 7 Tesla (7T) axis-resolved fMRI [1]. In order 

to resolve fine-grained functional organization within the spinal cord, including laminar-specific 

mapping, this higher field strength allows for improved sensitivity to the blood oxygenation level-

dependent (BOLD) signal and superior spatial resolution [9]. Using both single-shot and multi-shot 

2D echo-planar imaging (EPI) protocols, early research has effectively shown that group-level 

sensory task fMRI in the cervical spinal cord at 7T is feasible [9]. Depending on the needs of the 

experiment, multi-shot EPI (0.60 mm) offers a trade-off between sensitivity and spatial precision, 

while single-shot EPI (0.75 mm in-plane resolution) typically produces the highest mean z-statistic. 

Multi-shot EPI also offers better-localized activation clusters and less geometric distortion [9]. 

The drive towards ultra-high field fMRI for spinal cord imaging reflects a critical need for higher 

spatial and laminar resolution. This advancement is vital for moving beyond macro-level 

observations to a detailed, circuit-level understanding of spinal function in vivo. The ability to map 

activity across Rexed laminae, defined by their cellular structure and function, is crucial for 

unraveling the complex processing of sensory and motor information within the spinal gray matter 

[10–15]. 

In addition to BOLD-fMRI, Apparent Diffusion Coefficient (ADC)-fMRI has the potential to 

identify gray and white matter neural activity, circumventing some of the drawbacks of traditional 

BOLD signals [13]. Particularly in white matter, where BOLD signals can be unclear because of 

passive signal spread, ADC-fMRI provides a more direct measure of neuronal firing and better 

temporal specificity than BOLD-fMRI because it is sensitive to temporary cellular deformations 

during neural activity [13]. By detecting white matter activity regardless of fiber direction, this 
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method creates new opportunities to study gray and white matter functional connectivity throughout 

the entire brain [13]. Furthermore, the development of high-resolution multi-contrast templates for 

the cervical spinal cord at 80 µm resolution is enhancing anatomical and microstructural analysis, 

allowing for precise identification of subtle changes in gray matter motoneuron pools due to 

degeneration or injury [13,15]. These imaging advancements are crucial for both fundamental 

connectomics research and for improving diagnostic and prognostic capabilities in various spinal 

cord pathologies. 

3.4. Comparative Analysis of Spinal Connectomics Mapping Techniques 

The diverse array of advanced techniques for spinal connectomics each offers unique strengths 

and limitations, making a multi-modal approach essential for a comprehensive understanding of 

spinal circuit architecture and function. The choice of methodology often depends on the specific 

research question, the desired resolution (spatial or temporal), and the level of invasiveness 

acceptable for the study. 

Table 1. Comparison of Advanced Spinal Connectomics Mapping Techniques (2015-2025). 

Technique Key Innovation Strengths Limitations 
Primary 

Application 

High-Density 

Electrophysiol

ogy (e.g., 

Ultraflexible 

NETs, 

Neuropixels) 

[2–5] 

Ultraflexible 

materials (NETs) 

for motion 

compensation; 

High channel 

count & 

reusability 

(Neuropixels/Apo

llo) 

High 

temporal 

resolution; 

Single-unit 

resolution; 

Chronic 

recording in 

behaving 

animals; 

Direct neural 

activity 

measuremen

t 

Invasive; Risk 

of tissue 

damage/scarrin

g (reduced 

with NETs); 

Complex data 

analysis (spike 

sorting) 

Detailed circuit 

function; 

Neuron 

population 

dynamics; 

Behavior-

activity 

correlation; 

Intra-spinal 

interfaces 

Optogenetics 

[5–8] 

Cell-type-specific 

neural 

activation/inhibiti

on; Biodegradable 

electroceuticals 

Precise 

causal 

manipulatio

n of specific 

cell types; 

Promotes 

axonal 

growth & 

angiogenesis; 

Reduced 

inflammatio

n 

(biodegradab

le) 

Invasive (viral 

delivery, light 

fiber 

implantation); 

Requires 

genetic 

modification; 

Potential for 

off-target 

effects; 

Behavioral 

improvements 

not guaranteed 

by structural 

reconnection 

alone 

Dissecting 

causal roles of 

specific circuits, 

Promoting 

regeneration, 

Targeted 

neurorehabilitat

ion 
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7 Tesla Axis-

Resolved fMRI 

[10–15] 

Ultra-high field 

strength for 

enhanced 

resolution; ADC-

fMRI for 

gray/white matter 

Non-

invasive; 

High spatial 

resolution 

(laminar-

specific); 

Detects 

activity in 

gray & white 

matter; 

Provides 

anatomical 

and 

functional 

context 

Technically 

demanding 

(motion 

artifacts, B0 

inhomogeneity

); Lower 

temporal 

resolution than 

electrophysiolo

gy; Indirect 

measure of 

neural activity 

(BOLD signal) 

Laminar 

mapping; 

Functional 

connectivity; 

Whole-cord 

imaging; 

Diagnosis of 

pathologies; 

Understanding 

neural 

correlates of 

behavior 

The comparison above highlights how these techniques are complementary rather than 

mutually exclusive. For instance, while high-density electrophysiology provides unparalleled 

temporal resolution and direct measurement of neuronal spikes, its invasiveness limits its 

widespread clinical application and long-term studies in humans. Optogenetics offers exquisite cell-

type specificity, allowing for causal investigations of circuit function and targeted therapeutic 

interventions, but it also requires invasive genetic manipulation. On the other hand, 7T fMRI 

provides a non-invasive means to map functional activity across the entire spinal cord with 

increasing spatial detail, including laminar organization and white matter pathways, though with 

lower temporal resolution and an indirect measure of neural activity [10–15]. 

The benefits of each approach over another are clear: electrophysiology excels in capturing the 

precise timing of neural events and individual neuron contributions, optogenetics in establishing 

causal relationships and cell-specific therapeutic modulation, and fMRI in non-invasively mapping 

large-scale functional networks and anatomical changes. The future of spinal connectomics lies in the 

synergistic integration of these diverse methodologies. Combining the high-resolution functional 

mapping capabilities of fMRI with the cellular precision of optogenetics and the dynamic recording 

power of high-density electrophysiology, further enhanced by computational modeling, will provide 

a truly comprehensive understanding of spinal circuit function in health and disease [10–15]. This 

multimodal strategy enables researchers to overcome the individual limitations of each technique, 

resulting in a more comprehensive understanding of the spinal cord's complex computational role. 

4. Computational Models and Neural Integration 

The redefinition of the spinal cord as a dynamic computational hub is deeply rooted in the 

advancements of computational neuroscience. Biologically realistic computational models have 

become indispensable tools for understanding the complex functions and integration mechanisms 

within spinal networks. These models allow researchers to investigate the effects of various 

connectivity patterns on network behavior and test hypotheses that would be experimentally 

intractable [1]. 

4.1. Predictive Coding and Bayesian Integration 

Recent research has shown that complex computational algorithms, such as Bayesian inference 

mechanisms and predictive coding, are actively implemented in spinal circuits [1]. According to a 

well-known theory in cognitive and computational neuroscience called predictive coding, the brain 

continuously makes predictions about sensory inputs and modifies its internal models in response to 

prediction errors, or the differences between expected and actual sensory feedback [14]. According 
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to this framework, the brain tries to reduce uncertainty by coordinating top-down predictions with 

bottom-up sensory data, which underpins perception, cognition, and behavior [14]. 

This translates to a dynamic role in processing multimodal sensory inputs and regulating motor 

outputs within spinal networks. Higher-order motor areas produce predictions regarding the 

anticipated sensory effects of motor commands, while spinal circuits calculate prediction errors and 

update motor programs. This positions spinal networks as active participants in predictive motor 

control, rather than passive receivers of descending commands [1]. 

By elucidating how the nervous system optimally integrates imperfect information from various 

sensory modalities with prior knowledge to form the most probable estimate of a state, Bayesian 

integration further refines this understanding [1]. In sensorimotor control, this means that the spinal 

cord uses neuromodulatory mechanisms to dynamically reconfigure its network properties in 

response to supraspinal inputs [1]. This makes it possible to adapt spinal processing to different 

behavioral contexts, including skilled motor performance, postural control, and locomotion [1]. 

Similar to the Kalman gain in control theory, the brain's ongoing estimation of sensory precision 

determines the weight given to new sensory information versus preexisting beliefs, which is 

necessary for this adjustment to be effective [14]. Disruptions in these inference processes can 

underlie symptoms in neurological disorders, highlighting the importance of understanding these 

computational principles for therapeutic design [14]. Evidence suggests that even in the spinal cord, 

sensory processing is under top-down cognitive control, with prior knowledge modulating early 

sensory processing [16,17]. 

4.2. Network Properties and Hierarchical Organization 

The basic organizational principles of spinal networks have been uncovered thanks in large part 

to computational models, which also reveal intricate topological features that facilitate effective 

information processing. The existence of small-world network characteristics in spinal connectivity 

is a significant discovery [1]. Small-world networks are distinguished by short average path lengths 

between distant nodes, which are similar to those found in random networks, and a high degree of 

local clustering, which is similar to regular networks [18]. For complex biological computations, this 

architecture is thought to be an effective way to maximize the trade-off between local specialization 

and global integration while achieving both modular and global processing [1,2]. 

Graph-theoretical analyses of spinal connectivity data consistently indicate small-world 

properties and hierarchical modular organization [1], despite some research on rat spinal cord 

connectomes suggesting that small-world attributes are absent in the intrinsic spinal network [19,20]. 

This suggests that the structure of spinal networks is designed to support efficient information 

transfer while preserving resistance to disturbances [1,2]. Graph theory analysis has demonstrated 

alterations in network metrics in the context of spinal cord injury (SCI), with patients with complete 

SCI (CSCI) exhibiting reduced structural connectivity efficiency (longer paths, lower global and local 

efficiency). On the other hand, patients with incomplete SCI (ICSCI) have less structural-functional 

coupling and more small-worldness and local connections [21]. These differences in network 

topology between injury types underscore the potential of graph theory metrics as objective 

biomarkers for diagnosis and treatment strategies [21]. 

Computational models also shed light on the hierarchical structure of spinal processing [1]. 

Higher-order motor areas make predictions about anticipated sensory outcomes, and spinal circuits 

update motor programs based on prediction errors in descending control systems from higher brain 

regions that employ hierarchical predictive coding techniques [1]. Spinal networks can execute 

sophisticated motor control algorithms, including adaptive filtering and optimal feedback control, 

thanks to this hierarchical structure, which also facilitates adaptive control and learning [1,2]. For 

example, computational models of spinal locomotor circuits show how interactions between rhythm 

generators for each limb, mediated by commissural interneurons (CINs) and long propriospinal 

neurons (LPNs), which are in turn regulated by brainstem drives, govern interlimb coordination and 

gait expression [22]. These models can reproduce speed-dependent gait transitions and the effects of 
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specific interneuron deletions, providing a mechanistic understanding of motor control and its 

disruption in injury [22]. 

4.3. Machine Learning in Spinal Connectomics 

Machine learning (ML) has become an indispensable tool in advancing spinal connectomics, 

offering novel approaches for data analysis, circuit reconstruction, and the development of adaptive 

therapies. Modern computational models of spinal networks often employ artificial neural network 

architectures and machine learning algorithms to replicate the intricate, nonlinear dynamics 

observed in experimental preparations [1]. 

Deep learning techniques are particularly useful for simulating the hierarchical organization of 

spinal processing, enabling the creation of models capable of learning optimal control policies for 

various motor tasks [1,2]. By incorporating reinforcement learning principles into spinal network 

models, researchers can gain insights into how spinal circuits adapt their connectivity patterns based 

on experience and how maladaptive learning processes might contribute to pathological conditions 

[1,2]. 

Beyond theoretical modeling, ML is directly impacting clinical applications, especially in spinal 

cord stimulation (SCS) for chronic pain management. Predicting which patients will respond to SCS 

has historically been challenging due to a lack of objective biomarkers [23]. Machine learning 

algorithms are now being applied to intraoperative electroencephalogram (EEG) data and patient-

reported outcome measures (PROMs) to build predictive models for SCS outcomes [24]. For example, 

decision tree models have achieved high accuracy (88.2%) in distinguishing responders from non-

responders based on spectral EEG features and clinical characteristics, offering a promising avenue 

for refined patient selection and improved outcomes [24]. 

Additionally, AI systems trained on large datasets of MRI spine scans are being developed for 

autonomous detection of MRI spine pathology [25]. By combining cutting-edge architectures like 

Vision Transformers and U-Net, these systems are able to detect multiple pathologies and distinguish 

between normal and abnormal scans with high accuracy (up to 97.9%) [25]. These AI tools show the 

scalability and adaptability of deep learning in clinical settings by improving radiology workflows 

and diagnostic efficiency [25]. In order to comprehend how different parts of the brain interact and 

regulate muscle activity, which is pertinent to a number of neurological disorders, interpretable 

machine learning techniques are also essential [26]. 

5. Brain-Machine Interfaces and Neuroengineering 

The convergence of neuroscience and engineering has led to the rapid development of Brain-

Machine Interfaces (BMIs) and other neuroengineering solutions that hold immense promise for 

restoring lost neurological function and enhancing human capabilities (Figure 5) [65]. These 

technologies directly interact with the nervous system, offering unprecedented control and feedback 

mechanisms. 
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Figure 5. Demonstration of a brain-computer interface. This file is licensed under the Creative Commons 

Attribution 2.0 Generic license with permission from Wikimedia Commons [65]. 

5.1. Neuralink’s High-Resolution Neural Arrays and Bidirectional BMIs 

Neuralink, a prominent neurotechnology company, is at the forefront of developing high-

resolution neural arrays and bidirectional BMIs. Their N1 Implant, an intracortical BCI implant, 

establishes a wireless, digital link between the brain and external devices [27–30]. This technology 

aims to restore autonomy to individuals with paralysis by enabling them to control external devices, 

such as computers and virtual hands, using only their thoughts, without the need for physical 

movement or wires [27–30]. 

The Neuralink PRIME Study (NCT06429735) is an early feasibility clinical trial assessing the 

safety and functionality of the N1 Implant and the R1 Robot, a surgical robot designed for precise 

and rapid placement of the ultra-fine electrode threads near targeted neurons [30,31]. Initial trials 

have shown promising results, with patients able to communicate their intended speech with high 

accuracy (up to 97%) and control digital devices to perform activities such as playing video games 

and browsing the internet [30–32]. 

The potential of Neuralink's bidirectional BMIs extends to restoring both motor and sensory 

functions post-spinal cord injury (SCI) [1,2]. The ability to sense and evoke compound action 

potentials (CAPs) via electrode implantation in spinal cord axonal bundles is a crucial prerequisite 

for advancing spinal cord-machine interfaces (SCMIs) [33]. Research is demonstrating the feasibility 

of recording CAPs from dorsal columns with high spatial precision corresponding to known 

dermatomal somatotopy, and modulating discharge frequency in dorsal column axons based on 

proprioceptive changes [33]. Furthermore, electrical pulses can be directed down descending 

corticospinal tracts to specifically activate lower limb muscles, and propagated up ascending fibers 

to be intercepted by rostrally placed electrodes, highlighting the bidirectional potential [33]. 

Significant obstacles still exist in spite of these advancements, especially with regard to electrode 

stability and long-term biocompatibility [1,2]. Another chronically implanted microelectrode array 

BCI, the BrainGate Neural Interface system, has shown a safety record similar to other implanted 

medical devices. The most frequent adverse event associated with the device is skin irritation around 

the percutaneous pedestal [34,35]. However, more research is needed to determine the long-term 

risks, which may include surgical or device-related complications [30]. In the upcoming years, these 

technologies may revolutionize the everyday lives of people with paralysis, according to the quick 

speed of innovation in businesses like Neuralink [30]. 

5.2. Other Advanced Neuroengineering Applications 

Beyond Neuralink, the field of neuroengineering is witnessing a broad array of advancements 

aimed at restoring and enhancing neurological function. 
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An important therapeutic advancement for SCI rehabilitation is closed-loop epidural 

stimulation. By monitoring evoked compound action potentials (ECAPs), closed-loop systems 

continuously adjust stimulation intensity in real-time, in contrast to conventional open-loop systems 

that provide fixed-output stimulation [36]. In clinical trials, this adaptive approach has shown better 

pain relief, improved function, and decreased opioid dependence, and it guarantees more stable and 

effective pain management [36]. Even in patients with motor-complete SCI, the combination of 

intense locomotor training and epidural electrical stimulation (EES) has demonstrated remarkable 

success in restoring volitional movement, such as standing, stepping, and cycling [37]. With proven 

durability of improvements even in the absence of constant stimulation, this method can enhance the 

intrinsic stepping capacity of spinal locomotor centers [37–40]. Vagus nerve stimulation (VNS) in a 

closed-loop paradigm has also shown groundbreaking results in improving arm and hand function 

in individuals with incomplete cervical SCI, by strengthening synaptic connectivity from remaining 

motor networks [38–40]. 

By simulating the operation of biological sensory systems, memristive sensors for prosthetic 

feedback are transforming the design of neuroprosthetics. The real-time detection, encoding, and 

processing of environmental information with high operational speed and low power consumption 

is made possible by memristors' special non-linear resistive memory properties, which allow them to 

act as artificial receptors, neurons, and synapses (Figure 6) [40–42,66]. This technology is essential for 

giving prosthetic users realistic tactile feedback, which improves control over prosthetic limbs and 

restores the sense of touch [42–44]. Biomimetic tactile feedback is being further improved by 

developments in electronic skins (e-skins) with 3D architectures and sensing components that 

resemble human mechanoreceptors. This enables decoupled force and strain sensing with spatial 

resolution similar to that of human skin [44–47].  

 

Figure 6. Relations between the four fundamental electronic variables and devices that implement these 

relations. This file is licensed under the Creative Commons Attribution-Share Alike 3.0 Unported license with 

permission from Wikimedia Commons [66]. 

By shifting toward patient-specific, adaptive interventions, personalized neuromodulation is 

revolutionizing the treatment of chronic pain and diseases like scoliosis [1,2]. In order to address the 

variation in therapeutic results seen with traditional neurostimulation, this method uses biomarkers 

and real-time brain dynamics to modify stimulation parameters [48,49]. AI-driven closed-loop 

systems for chronic pain are improving stimulation parameters and patient selection, resulting in 

longer-lasting pain relief and longer device lifespans [23]. Although research on early-stage 
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neurophysiological, balance, and gait changes in patients with adolescent idiopathic scoliosis (AIS) 

is still in its infancy, neurodevelopmental theories point to a temporal imbalance in sensorimotor 

integration processes [50]. Clinical trials are underway to assess the efficacy of interventions, such as 

core strength training and sensorimotor training, in addressing these imbalances [51,52]. The 

integration of AI into neurostimulation, for example, through wireless spinal implants and 3D-

printed custom devices, is driving innovation towards truly personalized and adaptive treatments 

[52,53]. 

6. Ethical Considerations 

As neurotechnologies advance at an unprecedented pace, critical ethical considerations 

surrounding their development and application become paramount. Ensuring responsible 

innovation requires careful attention to equitable access and the protection of neurodata privacy. 

Neurodata privacy is a significant concern given the highly sensitive nature of brain activity 

data. Neurotechnologies, whether implantable or non-implantable, record and can even alter brain 

activity, generating "neurodata" that not only identifies individuals but also offers an unprecedented 

depth of understanding into their cognitive state, unique personal experiences, and emotions [54]. 

The ability of artificial intelligence algorithms and data-aggregation tools to decode and analyze this 

sensitive information poses a substantial risk to personal neuroprivacy [55]. There is a concern that 

this data could be misused, manipulated, or lead to violations of mental privacy and decision-making 

autonomy [54]. 

To address these risks, experts advocate for robust regulatory frameworks and the 

implementation of ethical and human rights guidelines [54]. Key principles include the protection of 

human dignity, recognition of neurodata as highly sensitive personal data, and the requirement of 

informed consent for its processing [54].  

Privacy-preserving technologies such as data encryption, differential privacy, and federated 

learning are becoming integral to maintaining data confidentiality while still enabling expansive 

research and clinical applications [55]. The reusability of neural data also presents a new ethical 

consideration, as its context (mood, health, environment) can change over time [55]. Integrating 

ethical values into the design and use of neurotechnologies is essential to ensure non-discriminatory 

implementation and effective protection of individuals' right to privacy [53]. 

Equitable access to these advanced neurotechnologies is another critical ethical challenge. As 

innovations like Neuralink's implants demonstrate transformative potential for individuals with 

severe neurological impairments, questions arise regarding the accessibility and affordability of such 

cutting-edge solutions [27–32]. Ensuring that these groundbreaking innovations are available to all 

who need them, regardless of socioeconomic status, will be a significant hurdle moving forward [27–

32]. The societal implications of disparities in access to technologies that can restore fundamental 

motor and sensory functions necessitate proactive policy development and interdisciplinary 

collaboration to prevent exacerbating existing health inequalities. 

7. Future Directions 

The rapid advancements in spinal connectomics and neural integration lay a robust foundation 

for transformative future developments. Three key areas are poised to drive the next decade of 

innovation: AI-driven discovery, multi-omics integration, and non-invasive neuromodulation. 

AI-driven discovery is expected to accelerate the elucidation of comprehensive spinal 

connectomes. Artificial intelligence, particularly machine learning and deep learning, will move 

beyond data analysis to become a primary engine for generating new hypotheses and identifying 

novel circuit mechanisms [1,2]. This will involve developing more sophisticated AI models capable 

of processing vast, multi-modal datasets from electrophysiology, imaging, and omics to identify 

subtle patterns, predict network behaviors, and even propose new experimental designs. The goal is 
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to move towards individualized spinal interventions that consider both structural connectivity 

patterns and dynamic functional relationships [1,2]. 

Multi-omics integration will provide a deeper, more holistic understanding of spinal cord 

biology. By combining genomic, transcriptomic, proteomic, and lipidomic data with connectomic 

information, researchers can unravel the complex molecular changes associated with spinal cord 

injury and disease progression [56,57]. This integrated approach can reveal critical insights into 

pathological mechanisms, such as chronic inflammation and lipid accumulation in myeloid cells post-

SCI, and identify novel therapeutic targets [58]. For instance, single-cell multi-omics assessments are 

already revealing the heterogeneity of spinal cord tissue after injury and treatment, identifying 

increases in myelinating oligodendrocytes and myelination-related gene expression, which are 

crucial for functional recovery [57,58]. This comprehensive molecular profiling will enable the 

development of precision therapies tailored to the specific biological profiles of individual patients. 

Non-invasive neuromodulation holds immense promise for expanding therapeutic accessibility 

and reducing the risks associated with invasive procedures. While epidural stimulation has shown 

remarkable success in restoring motor function after SCI, its invasive nature remains a barrier for 

widespread clinical adoption [59,60]. Future efforts will focus on optimizing and expanding non-

invasive techniques, such as transcutaneous spinal stimulation (scTS), which has already 

demonstrated the ability to promote stepping in children with motor-complete SCI and yield durable 

enhancements [40]. The development of advanced non-invasive brain stimulation (NIBS) modalities, 

coupled with personalized strategies based on real-time neural dynamics, aims to improve 

therapeutic outcomes across a wide range of neurological conditions, including chronic pain and 

potentially scoliosis [49]. The integration of AI with non-invasive neuromodulation could lead to 

highly adaptive and patient-tailored therapies, further enhancing their efficacy and reach. 

Together, these future directions aim to achieve truly comprehensive spinal connectomes, 

moving beyond static anatomical maps to dynamic, multi-scale representations that integrate 

functional, molecular, and behavioral data. This holistic understanding is crucial for developing 

precision therapies that target specific neural circuits and molecular pathways, ultimately promising 

enhanced musculoskeletal health and improved functional outcomes for individuals with 

neurological disorders. 

8. Conclusions 

The period from 2015 to 2025 has marked a pivotal era in neuroscience, fundamentally 

transforming the understanding of the spinal cord from a passive neural conduit to a dynamic 

computational hub. This redefinition, driven by the synergistic advancements in machine learning 

and neuroengineering, has unveiled the spinal cord's intrinsic capacity for complex information 

processing, including predictive coding and Bayesian integration, which are essential for adaptive 

sensorimotor control. 

Methodological breakthroughs, such as the development of ultraflexible, high-density 

electrophysiology probes (e.g., NETs and adaptable Neuropixels implants), have overcome the long-

standing challenges of spinal cord motion, enabling unprecedentedly stable, chronic, and high-

resolution recordings of neural activity in behaving animals. Optogenetics has provided the critical 

ability to causally dissect circuit function with cell-type specificity, although findings highlight that 

mere structural reconnection after injury is insufficient without precise functional integration. 

Advanced neuroimaging, particularly 7T axis-resolved fMRI and novel ADC-fMRI techniques, has 

pushed the boundaries of non-invasive mapping, offering laminar-specific and gray/white matter 

resolution crucial for in vivo connectomics. The complementary nature of these techniques 

underscores the necessity of multi-modal approaches for a holistic understanding. 

Computational models, increasingly powered by machine learning and deep learning, have 

been instrumental in revealing the small-world network properties and hierarchical organization of 

spinal circuits, elucidating how these architectures support efficient information transfer and 
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resilience. These models are also directly translating to clinical practice, improving patient selection 

for spinal cord stimulation and enhancing diagnostic accuracy for spinal pathologies. 

In clinical applications, closed-loop epidural stimulation, memristive sensors for biomimetic 

prosthetic feedback, and personalized neuromodulation strategies exemplify the transformative 

potential of neuroengineering. Neuralink's high-resolution bidirectional BMIs, despite current 

challenges in electrode stability, represent a bold frontier in restoring motor and sensory functions 

post-SCI. 

Looking forward, the integration of AI-driven discovery platforms with multi-omics data 

promises to unlock new biological insights and accelerate the development of individualized spinal 

interventions. Concurrently, the advancement of non-invasive neuromodulation techniques aims to 

broaden therapeutic accessibility and minimize procedural risks. These future directions collectively 

point towards a future where comprehensive spinal connectomes guide precision therapies, offering 

renewed hope for individuals affected by neurological disorders and paving the way for enhanced 

musculoskeletal health. The continued collaborative efforts across engineering, neuroscience, and 

clinical domains will be paramount in realizing the full potential of these groundbreaking 

advancements. 
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